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THE ROLE OF THE SPLEEN AND THE DYNAMICS OF HEMOLYSIN 
PRODUCTION IN HOMOLOGOUS ANAMNESIS 


WILLIAM H. TALIAFERRO AND LUCY G. TALIAFERRO 


From the Department of Bacteriology and Parasitology, 
The University of Chicago, Chicago 37, Illinois 


Our previous studies on the dynamics 
of hemolysin production in rabbits 
after single (1950) and multiple (1951) 
intravenous injections of sheep red cells 
have been extended to include a study 
of the homologous anamnestic response 
following single and multiple reinjec- 
tions with the same antigen into intact 
rabbits and into rabbits splenectomized 
either at the time of the initial injection 
or of the reinjection. After an induction 
period, hemolysin begins to be produced 
rapidly at one continuous rate of ac- 
cumulation (cf. fig. 8B) or at two (cf. 
fig. 12) or more rates to peak titer and 
thereafter generally declines at several 
varying rates. Our results indicate that 
peak antibody titer after both the initial 
rise and anamnestic rise is due chiefly to 
the activity of the spleen after a single 
injection of antigen and is due, rela- 
tively, more to the activity of non- 
splenic sources after repeated injections 
of antigen. 

A review of the literature and a dis- 
cussion of the differences between pri- 
mary and secondary antibody responses 
are given by Burnet and Fenner (1949). 
Pertinent work will be reviewed in the 
discussion. 


MATERIALS AND METHODS 


Materials and methods have been previously 
described (1951 and especially 1950). The follow- 
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ing brief résumé will give only necessary orient- 
ing facts. 

Of the ten series, the following were performed 
simultaneously: 1 with 2, 5 with 9, and 6 with 7 
and 10. Series-3,.4 and 8 were tested in groups of 
6 to 12 rabbits. Splenectomy was usually per- 
formed on the day of the initial injection or re- 
injection and on the day of the first of a series of 
initial injections or reinjections. In series 8, the 
rabbits were splenectomized before or after the 
initial injection as shown in figure 14. In table 1B, 
Student’s method of paired comparisons was used 
to obtain the statistical significance of the differ- 
ences for all series except series 8. 

Three standardized amounts of sheep red cells 
were used exclusively for all injections into rab- 
bits. All were given intravenously per kg body 
weight. Individual injections for a given rabbit 
of the first and second immunization, therefore, 
whether of a single or a multiple series of injec- 
tions, were always relatively but not absolutely 
the same. Suspensions of red cells were standard- 
ized with a Klett-Summerson photoelectric 
colorimeter by determining the hemoglobin re- 
leased by distilled water hemolysis. These stand- 
ardized amounts may be approximately desig- 
nated for convenience as small (equivalent to 
1.25 ml 0.1% or 2X10" cells), intermediate 
(equivalent to 1.25 ml 1% or 2X10® cells) and 
large (equivalent to 1 ml 10% or 1.6X 10° cells), 
respectively. In experiments 1, 3, 4 and series 9 
and 10, the red cells for injecting and testing 
were from the same sheep. 

Hemolysin titers in 50% hemolytic units were 
determined by plotting the amount of serum 
against the degree of hemolysis (ascertained pho- 
tometrically) according to von Krogh’s equation. 
They are expressed interchangeably in four ways: 
In ml of serum, as the reciprocal of titer, as the 
dilution of serum contained in 1 ml, or as the 
number of 50% hemolytic units per ml. 

We have previously given detailed evidence 
(1950 and 1951) that the rise and fall of antibody 
titers after single or multiple antigen injections fit 
a series of discontinuous curves described by the 
first order equation: 


(1) Ay= Age! 


in which A» and A; are antibody titers at times 
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zero and t, respectively, and k is the constant of 
increment. Fitted titers and fitted peak titers 
obtained from these lines. Declines in 
hemolysin titer are indicated both as —& and as 
the apparent half life in days (t2=0.693/k) to 
facilitate comparisons. The true half life of anti- 
body probably approximates 5.5 days with 

= —().126 (cf. our earlier work, 1950). 

To compare the first and second antibody 
responses, we have used (1) antibody accumulat- 
ing in the serum at peak titer together with the 
time and rate of rise (k) and (2) the total amount 
of antibody formed in 30 days taking into 
antibody undergoing metabolic 
In characterizing the accumulation of 
antibody to peak titer, we have used (a) the 
induction period, i.e., the number of days after 
the first antigen injection during which the pre- 
immunization titer is not exceeded, (b) the total 
number of days to peak titer after the first anti- 
gen injection, and (c) the amount of antibody in 
the serum. Three methods are used to indicate 
the amount of antibody and are described in the 
following paragraphs. 


were 


account the 
decay. 


The amount of antibody in the serum at peak 
titer is represented graphically for all series in 
fixures 3, 4, 6, 7, 9 through 11 and 14 through 16. 
In these figures, peak titers were plotted arith- 
metically after both injections with the base of 
the bar of the second response at the level of the 
serum titer at the time of the second antigen 
injection. This method is simple, gives a direct 
over-all basis of comparison and was used in our 
earlier work. It is not adequate, however, to com- 
pare antibody responses when the second re- 
sponse is superimposed on a changing amount of 
antibody from the first one (cf. the second meth- 
od below) or to compare total amounts of anti- 
body formed including that lost from the serum 
by metabolic decay (cf. third method below). 
In addition, it does not take into consideration 
rates of accumulation. 

The second method involved a derived peak 
titer and a derived rate of accumulation for the 
anamnestic response. These may be briefly ex- 
plained as follows: The slope of the antibody 
curve from the first antigen injection was as- 
sumed to continue after the second injection 
throughout the initial rise to peak titer. A derived 
peak titer of the second response was thus con- 
sidered to be the actual peak titer minus the 
assumed titer of the primary response plus the 
“normal” titer, i.e., the titer before the initial 
injection. In a few cases when the amount of 
antibody remained constant, this method neces- 
sitated the assumption of 5.5 days as the half 
life of the disappearing antibody of the primary 
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response and is in error té the extent that this 
figure may be wrong. 

In comparing the speed of the initial antibody 
response to peak titer, a derived single value of k 
was obtained for all primary responses involving 
two or more rates of accumulation and for all 
secondary responses which were superimposed on 
appreciable amounts of antibody from the pri- 
mary response. The derived value of & for all 
primary responses was obtained from a line con- 
necting the “‘normal’’ titer at the end of the 
induction period to the peak titer. The derived 
value of k for all secondary responses was ob- 
tained from a line connecting the “normal” titer 
placed at the end of the second induction period, 
i.e., where the second initial rise started, to the 
derived peak titer (see above) which was placed 
at the time when the actual peak titer of the 
reinjection was reached. Mean values for derived 
peak titers and derived rates for all series ob- 
tained by this second method are tabulated in 
table 1. 

The total amount of antibody by the third 
method was calculated for 30 days during both 
primary and secondary responses because this 
length of time included the rise and most rapid 
decline after a single antigen injection and the 
titer of the primary response at the end of this 
period was so low that it could be disregarded in 
calculating constants for the secondary response. 
Total antibody for 60 days was also calculated 
after repeated injections. For each change of 
rate in antibody accumulation the following 
equations were used: 

For each rise, 

(2) S:=Ao = (et—1) 

ky 
(equation 9 of our earlier paper, 1951) where 
S; represents the total amount of antibody formed 
at time ¢ (serum antibody plus the antibody lost 
by metabolic decay); Ao, the observed serum 
antibody at time zero; k;, the rate of antibody 
rise; and ks, the rate of metabolic decay which we 
assume to be —0.126 or ty2=5.5 days (see our 
earlier paper, 1950). 
In a plateau, where &, =0, 


(3) Si= Aokot 
from 


kitks 
ky 


(4) lim [ 4. 


et) 


(eit 1) | = A oko. 


For each decline, where k; <0 and > —0.126, 

ke—k 
(5) St= Go he (1—e ™*) 
3 
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(equation 19 of our earlier paper, 1951) where s; 
represents the total antibody formed at time /; 
do, the serum antibody at time zero; ks, the 
rate of metabolic decay, 
to be 


which we assumed 
—0.126 as above; and k;, the rate of 
serum antibody decline. Whenever k3< —0.126 
(which gives t)2=5.5 days or less), it is assumed 
that no antibody is being formed. Data obtained 
by this third method are shown in figure 18. 


EXPERIMENTAL RESULTS 
Data on 191 rabbits were used in 
characterizing the initial and anam- 
nestic responses. Of these, 110 rabbits 
involved single or multiple reinjections 
into (1) 48 nonsplenectomized rabbits, 
(2) 30 rabbits splenectomized when re- 
injected and (3) 32 rabbits splenec- 
tomized at or near the time of the initial 
injection. Nine and seven of the rabbits 
in the first two categories, respectively, 
had served as operative controls for the 
initial injection of red cells for previous 
papers (1950 and 1951) and had had a 
testis, a kidney or the appendix re- 
moved on the day they were first in- 
jected with red cells. The work was 
divided into ten series within five ex- 
periments. The first two experiments 
deal with one injection and one rein- 
jection of antigen, the fourth experiment 
with a repeated series of injections both 
initially and secondarily, and the third 
experiment with a repeated series of in- 
jections initially 
The function of non- 
splenic sites is studied in the fifth experi- 
ment. The intermediate or large amounts 
of antigen were used except for three 
rabbits in series 1. Each rabbit was al- 
ways reinjected with the same relative 
amount it had received initially. Some 
rabbits were given a second single test 
reinjection a month or more after the 
first reinjection and 1 rabbit was given 
a third test. The rabbits usually weighed 
from 2 to 2.5 kg when initially injected 
and from 2 to 5 kg when reinjected. 
Partial data and graphs of some of the 
initial antibody responses have already 


and one reinjection. 
compensatory 
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been reported under identical rabbit 
numbers (1950 and 1951). In experi- 
ments 1, 3 and 4 and in series 9 and 10, 
the even-numbered rabbits were splenec- 
tomized and the 
were not. 


odd-numbered ones 


Experiment I (series 1 and 2). A single 
reinjection of 1.25 ml of 1% sheep red 
cells into pairs of iniact and : 
splenectomized rabbits ; 

This experiment was planned (1) tc 
study the anamnestic response in intact 
rabbits (series 1) during the decline in 
hemolysin from peak tittr and (2) to 
ascertain the effect of splenectomy 
(series 2). Rabbits were reinjected once 
from seven days to 109 days after a 
single initial injection. The experiment 
is illustrated by figures 1 through 5 and 
mean values may be found in tables 1 
and 2. As compared to the initial peak 
titer, the mean peak titer after rein- 
jection was not significantly different 
from that in intact rabbits but was 
markedly less in splenectomized ani- 
mals, whereas. the induction 
period after reinjection was significantly 
shorter in intact 


mean 


rabbits but not in 


splenectomized ones. In both groups, 
peak titer was reached sooner and at a 
faster rate. 


Series 1 (16 intact rabbits).—Thirteen 
rabbits (odd numbers between 125 to 
147 and 91) were injected initially with 
1.25 ml 1% sheep red cells/kg and were 
each reinjected once with the same 
amount. A few were reinjected again 
after a month or more. In addition, 
three rabbits (73 to 75), injected ini- 
tially with 1.25 ml 0.1% sheep red 
cells/kg, were each reinjected twice with 
a similar amount 109 and 141 days after 
the initial injection. Titers at the time 
of reinjection in all rabbits varied from 
1:110 (147) to 1:5600 (120). The range 
was wide because rabbits were 
reinjected at or just after peak titer. 


some 
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Vean valuest for the primary (I) and secondary (R) responses in the same rabbit in 
section A and differences} between these values in section B. 


TABLE 


Antibody units ( x 104) Rate of formation (k) 
(Derived for reinjection) 

To peak 
(derived when 
initial rise 
consisted of 
more than 
one phase) 


Length in days of: — 
Induction Over-all time 
period to peak 


Number of 
rabbits 
in group 


To end of 
first phase of 
initial rise 


_At end of | 
first phase of 
initial rise 


At peak 


4 5 
A. Mean valuest 


pPoocnmoe 


NK wow eK NNN 
on) 


w 


ee 


Rabbits intact throughout 
vs 3.03 
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See text 
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Rabbits splenectomized when reinjected. 
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text 
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3 
2 
3 
2 
2 
3 
7 
3. 
3 
4. 


_ 


B. Differences: Initial response ( 
0.9 2.79 
0.9*** 
1.5 
1.2 
0.8 
0.1 


4" 


iA 

\ 
8B 
9A 
9B 
10 3 


4 
5 


All mean values are from fitted curves, the operative controls are 


I) minus secondary (R) responset 
0.6 1.24 


5.2 
3.0 


bits splenectomized when initially injected. 
9. 0.51 1. 


§ 
0.51 


1 

1. 

1.4: 
0. 
0. 
0.5: 
0. 
0. 
0. 
—0. 


-14 
.74* 
8 
95 


—1.19 
16.34" 
5.4 
12.2* 
1.65* 


omitted from the groups. 


The significance of the differences are indicated by the following 


** P<0.001; * P<0.01; * P<so. 
§ Rise equivalent to a rise to peak-—see next column. 


No increase in 2 rabbits at reinjection in series 2, 6B, 7B and 9A. 


Rabbit 125 (fig. 1) illustrates the 
second method of comparing the pri- 
mary and two anamnestic 
responses after reinjection at peak titer 


response 


and later when antibody was slowly 
This rabbit 
munization titer of 1:45 and showed a 


declining. had a_preim- 
rapid increase in hemolysin to a peak 
titer of 1:4500 5.5 days after its initial 
injection. It was reinjected 1.5 days 
later when the titer was still 1:4500 and 


49 days later when the titer had de- 


clined to 1:630. Because antibody from 
the first response was present at the 
first reinjection, the amount of antibody 
formed anamnestically could only be 
conjectured as follows: Since a plateau 
at peak titer of 6.5 days is abnormally 
long after the injection of such a small 
number of red cells (our work, 1950), 
we assumed (1) that the plateau per- 
sisted during the induction period after 
reinjection and (2) that the rate of de- 
cline at —0.14 was delayed for three 
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— Most rapid decline of hemolysin after peak titer. Means and standard 


errors of rere half - and number sii fon decline lasted. 


Immunization 


Apparent half life 
in days 


Nember of days 
decline lasted 


"Numbe r of 
rabbits in sample 





Initial: intact 
Reinjection: intact 
Reinjection: splenectomy 
Initial: intact 
Reinjection: intact 
Reinjection: splenectomy } j 


) 
> 1.25 ml 1% 
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> I ml 10% 
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Repeated :- 
Initial: intact 
Reinjection: intact 
Reinjection: eplenectomy ) 


| 1.25 ml 1% 
or 
1 ml 10% 


1 and reinjection 
2 


-342 
3+5. 
6+5. 


21. 
30. 


Ree 


* Since rabbits of series 2, 4 and 7 were splenectomized at the time of reinjection, data from the initial immunization 


were combined with the a 
series 5 were added to series 6 


days because of the reinjection during 
which 1500 units/ml were formed at a 
derived rate of 0.99. A more typical 
secondary response occurred 49 days 
later when hemolysin was slowly de- 
clining at a rate of —0.028. After an in- 
duction period of two days, a peak titer 
of 1:4000 was reached in two days at 
one continuous rate of increase 
(k=0.8). At this time, 3545 units/ml 
were calculated to have been added on 
the normal baseline of 45 units by as- 
suming the prereinjection titer had con- 
tinued to decline at a rate of —0.028 
and had hence reached 500 units/ml at 
reinjection peak titer. The actual rate of 
increase for k was 0.8 and the derived 
rate of increase was 1.88. After the first 
reinjection, a rapid primary decline with 
an apparent half life of five days lasted 
for nine days and was followed by a 
more gradual decline with an apparent 
half life of 30.1 days. After the second 
reinjection, the apparent half lives of the 
two declines were 6.9 and 22.3 days, 
respectively. 

The derived amount of antibody 
formed after reinjection in intact ani- 
mals is further illustrated in figure 2A. 
In rabbit 127 (fig. 2A); hemolysin had a 
preimmunization titer of 1:10, reached 
a peak of 1:380 and declined to 1:200 at 
a rate of —0.15 by the ninth day. On 
this day, the rabbit was reinjected. 


ndingly treated intact rabbits of series 1, 3 
r the initial immunization and to series 1 or 3 for the reinjection. 


and 6, respectively. Data from the rabbits of 


After an induction period of 2.6 days, an 
increase in titer to 1:2500 occurred in 
1.4 days at a rate of 1.39. Since the titer 
of the primary response would probably 
have declined at its original rate to 
about 120 units in four days, we as- 
sumed that 2380 (2500 minus 120) units 
were added in 1.4 days as a result of 
the reinjection. When this amount was 
replotted on the normal baseline of ten 
units, a derived rate of “ 56 was ob- 
tained. In rabbit 129 (fig. 3), the second 
injection of antigen has. dey in no rise in 
titer. It arrested, however, a rapid dis- 
appearance of hemolysin by a plateau of 
about three days at a titer of 1:5500. 
Such a plateau, assuming a_ typical 
decay rate of —0.126, would require 
1700 hemolytic units/ml. This amount 
equalled a seventh of the initial peak 
response in the same animal and slightly 
less than one-half the initial peak re- 
sponse of the group. 

The following results may be noted 
with respect to the initial injection and 
reinjection in figure 3 and table 1. (1) 
The induction period was shorter after 
reinjection. (2) Peak titer was reached 
sooner. (3) The initial rise after rein- 
jection consisted invariably of one con- 
tinuous rate of increase (cf. columns 7 
and 8 in table 1). The actual rate was 
lower but the derived rate was higher 
after reinjection (cf. fig. 1 and 2). (4) 
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Actual as well as derived peak titers 
varied markedly even in the same rab- 
bit, but the means were statistically the 
same. Thus, actual peak titers varied 
from 1:320 to 1:12,600 after the initial 
injection and from 1:330 to 1:7500 after 
reinjection, but differences between the 
actual or derived (1:1240 in table 1B) 
peak titers were not statistically sig- 
nificant. (5) The most rapid decline 
after peak titer was similar in both re- 
sponses (table 2). 

Three of the 16 rabbits had atypically 
low reinjection peak titers. Two others 
(125 in fig. 1 and 129 in fig. 3) probably 
formed considerable antibody, as pre- 
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viously explained. The lack of response 
in rabbit 139 may be briefly described as 
follows: The titer was 1:600 on the day 
of reinjection, decreased to 1:450 on the 
second day, remained at this level for 
two more days, rose to 1:530 on the 5th 
day and decreased to 1:320 by the 8th 
day. The low anamnestic response in 
rabbits 74 and 75 was surprising in view 
of their high initial response. It was not 
due to the long interval of time (109 
days) after the initial injection, because 
rabbits 73 and 75 gave no more pro- 
nounced response when reinjected again 
with the small amount of antigen 32 
days later. Their titers were 1:450 and 


iis =22,3 10" 


=~.031 


56 days after Initial Injection 


days after Reinjection I 
Reinjection Il 
24 4 8 12 16 20 24 


1 





28 


f) 





co 
| 
| 
| 


i 
Days and schedule of injections (iv. 125 ML 1% sheep red 


cells / kg rabbit) 





Fic. 1. 


- 


7 and 56 days later. 


Changes in hemolysin titer in intact rabbit 125 from series 1 after an initial injection of 
1.25 ml of 1% red cells/kg and after two reinjections 


Arrows at the bottom of the figure indicate the times of injecting the sheep red cells. The same rela- 


tive amount was always injected into a given rabbit and was always given intravenously. Peak titers 
are from the fitted curves. The values for k showing rates of increase or decline of antibody lie 
adjacent to the lines from which they were calculated. The figure above the —& value represents the 
apparent half life of antibody in days. Solid lines are fitted from the actual titers. Broken lines are 
drawn to give a single rate of increase from preimmunization titer to peak titer and for the secondary 
response necessitated subtracting the existing titer of the primary response. 

Note the single rate of increase to peak titer after the first injection and the prolonged plateau at 
peak titer. The actual rate of increase after the second reinjection (0.8) was not higher than the initial 
actual rise (1.63), but the derived rate (1.81) was higher when realigned on the preimmunization 
baseline. 
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1:130 at the time of the second rein- 
jection and rose to 1:1400 and 1:260 six 
days later. 

Series 2 (13 rabbits splenectomized 
when reinjected)—The even-numbered 
rabbits between 126 and 148 and 92 
were injected initially and a second 
time as were those in series 1. On the 
day of the reinjection, they were 
splenectomized. Titers at the time of 
reinjection ranged from 1:40 in rabbit 
148 to 1:1800 in rabbit 134. 

Figure 4 illustrates the greatly re- 
duced antibody response due to splenec- 
tomy. Peak titer was only higher than 
the initial peak in one rabbit (140). In 
two rabbits the titer steadily decreased 
after reinjection (from 1:560 to 1:350 
in five days in 130 and from 1:750 to 
1:340 in three days in 138). On the other 
hand, peak titer was reached sooner 
(5.5 days), but not as much sooner (4.6 


Hemolysin Titer 


—> O-) — 





Reinjection I: 9 days after Initial Injection 
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days) as in the intact rabbits. The same 
statement may be made with respect to 
the rate of accumulation. The induction 
period was not significantly shorter 
(table 1A and B). 

The difference between the anam- 
nestic response in the same rabbit when 
intact and when splenectomized is 
shown in figure 2. Rabbit 127 was given 
one reinjection while intact, nine days 
after its initial injection, and a second 
reinjection on the day it was splenec- 
tomized, 62 days later. After splenec- 
tomy, less antibody accumulated at a 
lower rate, both with respect to the 
actual (0.29 vs. 1.39) and derived (0.54 
vs. 2.56) values for k. Rabbit 128 (fig. 
2B) was reinjected and splenectomized 
on the ninth day. It formed less anti- 
body after splenectomy than initially. 
Rabbits 131 and 132 showed the same 
effects of splenectomy (fig. 5). The low 
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Reinjection | and Splenectomy 
9th “day 
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Initial Injection and 62 days after 
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Days and schedule of injections (iv. 1.25 ML 1% sheep red cells / kg rabbit) 








Fic. 2A and B.—Changes in hemolysin titer in rabbit 127 from series 1 and in rabbit 128 from series 
2 after an initial injection and after one or two reinjections with 1.25 ml 1% red cells/kg. Rabbit 127 
was intact through the intial injection and reinjection and was splenectomized at the second rein- 
jection. Rabbit 128 was splenectomized at the first reinjection. See figure 1 for other explanations. 

Note the marked anamnestic response nine days after the initial injection in intact rabbit 127. Little 
antibody was formed after splenectomy at nine days in rabbit 128 or at 71 days in rabbit 127. 
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REINJECTED ONCE: 1.25 ML1I% [1.25 0.1% 


Days after initial injection 
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Fic. 3 and 4.—Peak hemolysin titers and the days on which they occurred in 13 pairs of rabbits 
after a single initial injection and after a single reinjection with 1.25 ml 1% red cells/kg. One of each 
pair was intact throughout: the other was splenectomized on the day of reinjection. Figure 3 also 
shows similar data for three intact rabbits from series 1 after the injection and reinjection of 1.25 ml 
0.1% red cells/kg. 

Peak titers and times are from fitted curves. Initial injection into intact rabbits, dotted column; 
reinjection into intact rabbits, thin striped column; and reinjection into rabbits splenectomized when 
reinjected, thick striped column. The titer at the time of reinjection is shown by the position of the 
bottom of the striped column. 

Note that (1) the peak after the reinjection was reached sooner than after the initial injection in both 
intact and splenectomized rabbits, (2) it varied within the same range as the initial injection in intact 
rabbits, and (3) it was in general higher in the intact than in the splenectomized rabbits. 
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response of splenectomized rabbits to a 
reinjection is in accord with the response 
of splenectomized rabbits to an initial 
injection (our paper, 1950, and the 
regularly dotted columns in figure 14). 
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rabbits and three operative controls 
(testis or appendix removed at the 
initial injection) were injected twice 
with the large number of sheep cells 
within 45 to 120 days. In addition, two 
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Fic. 5A and B.—Changes in hemolysin titer in rabbit 131 from series 1 and in rabbit 132 from series 
2 after an initial injection and one or two reinjections. Rabbit 131 remained intact throughout: rabbit 
132 was splenectomized when reinjected. See figure 1 for other explanations. 

Note two changes in the rate of increase during the initial rise in intact rabbit 131 (1.65 and 0.46) 
and the high single derived rates of increase (1.93 and 2.93) after the two reinjections. Splenectomy 


depressed antibody formation in rabbit 132. 


Experiment 2 (series 3 and 4). A single 
reinjection of 1 ml of 10% sheep red cells 
into intact and splenectomized rabbits 


The results in this experiment cor- 
roborated and extended the results of 
experiment 1. Eight times as much 
antigen was injected 45 to 223 days 
after the primary injection (fig. 6 
through 8). 

Series 3 (12 rabbits)—Nine intact 


of the nine rabbits were reinjected a 
second time, 176 days after the first 
reinjection. The titer in these rabbits 
at the time of reinjection varied be- 
tween 1:40 in rabbit 108 to 1:350 in 
rabbit 43. 

The similarity between this series and 
series 1 may be seen by comparing 
figure 6 with 3 and series 3 with 1 in 
table 1A and B. Initial peak titers 
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Fic. 6 and 7.—-Peak hemolysin titers and the days on which they occurred in two sets of rabbits 
after a single initial injection and after a single reinjection with 1 ml 10% red cells/kg. One set (series 
4) was splenectomized on the day of reinjection: the other set (series 3) was not. Five of the rabbits 
(Op C) had a testis, kidney or appendix removed when initially injected. See figures 3 and 4 for other 


explanations. 


Note that (1) the anamnestic response in the intact and splenectomized rabbits was similar to that 
noted in figures 3 and 4; (2) it was high in the operated nonsplenectomized rabbits; and (3) it was low 
in splenectomized rabbits including the operative controls (86 and 88). 


varied from 1:1600 to 1:8900 and thdse 
of the reinjection from 1:400 to 1: 19,000. 
Those of the reinjection were only 
higher in four of the nine intact rabbits 
and in two of the three operative con- 
trols. The apparently more pronounced 
response at 120 days was probably due 
to the greater reactivity of the operated 


rabbits as already described by us 
(1950). In any case, the responses in 
rabbits 49 and 56 were no higher than 
in the rest of the rabbits although 176 
days had elapsed between the two re- 
injections and 223 days since the initial 
injection. One continuous rate of in- 
crease to peak titer occurred in all 
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Fic. 8A and B.—Changes in hemolysin titer in intact rabbit 108 from series 3 and in rabbit 106 from 
series 4 (splenectomized when reinjected) after an initial injection of 1 ml 10% red cells/kg and a re- 
injection 112 days later. See figure 1 for other explanations. 

Note that the derived rate of increase (1.65) after reinjection approached the actual rate (1.56) in 








rabbit 108 because little antibody from the primary response remained at 112 days. 


except two rabbits after reinjection. The 
initial rise in these two consisted of two 
phases. In rabbit 43, a rate of 0.35 con- 
tinued for 1.8 days and was followed by 
a rate of 0.001 for three days. In rabbit 
45, a rate of 0.89 continued for 3.4 days 
and was followed by a rate of 0.2 for 
five days. When reinjection was post- 
poned to 112 days (fig. 8A), the actual 
rate increase (1.56) almost 


of ap- 


proached the derived rate of increase 
(2.01) because little antibody from the 
primary response remained. Paren- 
thetically, it may be noted that rates 
could occasionally be calculated in two 
or more ways. As seen in figure 8A, anti- 
body could be assumed to decline at a 
rate of —0.154 for 17 days or by using 
the alternate lines seen in the figure at 
a rate of —0.2 for six days and —0.1 for 
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Fic. 9.—Data from series 5 similar to that in 
figure 3. These rabbits received repeated intra- 
venous injections initially and a single reinjection 
of the large or intermediate amount of red cells. 
See figures 3 and 4 for other explanations. 

Note the partially refractory period in the rab- 
bits reinjected at 42 days and recovery at 167 
days. 


13 days. In such cases, we preferred to 
delineate the antibody curves with as 
few rate changes as possible. 

Series 4 (five splenectomized rabbits).— 
These rabbits were splenectomized on 
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the day they were reinjected with 1 ml 
10% red cells/kg rabbit. Two of them 
had had a kidney or appendix removed 
at the time of the initial injection. The 
data in this series (fig. 7 and 8B and 
table 1A and B) corroborated the results 
obtained in series 2, although such a 
small group failed to give statistically 
valid differences. The depressed anam- 
nestic response was obtained even in 
the operative controls (86 and 88) 
whose mates in series 3 (81, 82 and 89) 
had given a pronounced response after 
reinjection. 


Experiment 3 (series 5). A single reinjec- 
tion of the intermediate or large amount of 
sheep red cells into intact rabbits 


Intact rabbits in this experiment were 
repeatedly injected initially. As a result 
of this procedure, they formed more 
antibody than singly injected ones (our 
work, 1951). This enhanced initial 
reactivity did not produce a greater 
anamnestic response to a single reinjec- 
tion than in series 1 and 3. 

Series 5 (seven intact rabbits).—Four 
rabbits (odd numbers between 165 and 
171=series 5A) were reinjected once 
with 1 ml 10% red cells/kg rabbit 42 
days after the last of 34 injections of 
similar suspensions of cells during the 
course of 73 days. Three other rabbits 
(115, 117 and 123=series 5B) were re- 
injected with the intermediate amount 
of red cells 167 days after the last of ten 
injections of this amount during the 
course of 26 days. At the time of rein- 
jection, titers varied from 1:260 to 
1:450 in the first four rabbits and from 
1:170 to 1:380 in the last three. 





Fic. 10 and 11.—-Data from series 6 and 7 similar to that in figures 3 and 4. These rabbits received re- 
peated intravenous injections initially and the same number of reinjections. The last five pairs plus one extra 
(Op C) had a testis removed on the day of the initial injection of red cells. Series 7 was splenectomized on 
the day of the first reinjection. See figures 3 and 4 for other explanations. 

Note that the anamnestic response was less intense than the primary one in 13 of the 14 intact or splenec- 
tomized rabbits and in six of 12 of the operative controls. In general, the peak was reached later. 
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In spite of the higher initial peaks 
because of the initial multiple injections, 
peak titers after the single reinjection 
(fig. 9) were not any higher than in the 
rabbits of series 1 and 3. They were, 
however, higher in the rabbits of series 
5B than in those of series 5A. They 
ranged from 1:670 to 1:1000 in those 
reinjected after 42 days and from 
1:1260 to 1:4000 after 167 days with P 
about 0.05 for the difference between 
the two anamnestic responses. As com- 
pared to series 1 and 3, antibody ac- 
cumulated in this series at a slower 
rate (R=1.31 and 1.9 vs. 2.03 and 2.09) 
and in series 5A over a longer time (7.6 
days vs. 4.5 days in table 2A). Possible 
interpretation of these findings is given 
in the section characterizing the anam- 
nestic response. 

No rabbits, repeatedly injected ini- 
tially, were splenectomized when singly 
reinjected. 


Experiment 4 (series 6 and 7). A multiple 


reinjection of the large or intermediate 
amount of sheep red cells into intact and 
splenectomized pairs 

Splenectomized as well as intact rab- 
bits when repeatedly injected initially 
form more antibody than singly in- 
jected animals (our work, 1951). Experi- 
ment 4 was planned to ascertain the 
anamnestic response after repeated re- 
injections (rabbits 155 to 161 and 173 
to 186). The even-numbered rabbits in 
series 7 were splenectomized on the day 
the series of reinjections was started. 
Both mates of some of the pairs had had 
a testis removed when injected initially. 
Such rabbits sometimes produced more 
antibody during the primary response 
than intact rabbits (cf. dotted columns 
in figs. 10 and 11). The two parts of this 
experiment consisted of 19 rabbits re- 
injected after 21 to 64 days (6A or 7A) 
and six rabbits reinjected after two days 
(6B or 7B). Titers at the time of rein- 
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jection varied from 1:100 to 1:24,000. 

The results are shown in figures 10 
through 13 and in tables 1 and 2. The 
multiple reinjections did not give rise 
to earlier peaks or to a more rapid pro- 
duction of antibody than the initial 
multiple injections. In addition, the 
peaks were in general lower. 

Series 6 (seven intact rabbits and six 
operative controls).—Three rabbits (181, 
183 and 185 in fig. 10) were injected 
initially 17 times during 34 days with 1 
ml 10% red cells/kg rabbit and 21 to 
36 days after the last injection were 
reinjected 17 times during 34 days with 
the same relative amount. One other 
rabbit (161) was injected initially ten 
times during 26 days with 1.25 ml 1% 
red cells/kg rabbit and 64 days after the 
last injection was reinjected ten times 
in a similar manner. These two pro- 
cedures were also carried out on each 
of three rabbits from which a testis had 
been removed when first injected (right 
half of fig. 10). 

The anamnestic response in series 6A 
showed the following characteristics as 
compared to the primary response. (1) 
The induction period was not shorter. 
(2) Peak titers were lower in four intact 
rabbits and in four of the six operative 
controls. (3) They were reached later 
after two rates of increase—occasionally 
separated by a plateau. In two rabbits, 
a slight decline after peak titer was fol- 
lowed by a slight increase for a week 
(rabbits 175 and 183). (4) Derived 
values for k to peak titer were smaller. 
(5) The primary decline was similar. 
These conclusions are illustrated in 
figures 10 and 12 and are based upon 
the data in tables 1 and 2. In addition, 
the peaks on the average were higher in 
the operative controls after reinjection 
than in the intact animals. 

The three other rabbits in series 6B 
were injected repeatedly every two or 
three days as controls for three rabbits 
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splenectomized on the 14th day (see 
next section). 

Series 7 (12 splenectomized rabbits of 
which five had had a testis removed when 
initially injected).—Nine rabbits (series 
7A in table 1 and fig. 11) were treated by 
one of the two procedures described for 
series 6A and only differed from them by 
being splenectomized on the first day 
that the second series of reinjections was 
started. Titers ranged from 1:100 
(rabbit 158) to 1:1600 (rabbit 176) at 
the beginning of the second series of in- 
jections. 

The induction period was significantly 
longer in intact animals in contrast to 
the singly injected series. The relatively 
high peak titer after reinjection was in 
marked contrast to the depressing 
effect of splenectomy on anamnesis in 
the first experiments (cf. fig. 11 with 
fig. 4 and 7). This observation is in 
agreement with our earlier finding that 
splenectomy increased peak titer after 
initial immunization with a series of 
injections. A typical sequence is shown 
in figure 13. 

In view of these results, three more 
rabbits (308, 310 and 312) were splenec- 
tomized during the course of continuous 
injections with 1 ml 10% red cells/kg 
(6B in fig. 11). They were given 17 in- 
jections, daily or every other day during 
the course of 28 days and were splenec- 
tomized two days after the eighth in- 
jection or 14 days after the first injec- 
tion. Through the 14th day, the titer 
increased as in rabbit 181 (fig. 12) or 
as in rabbit 182 (fig. 13). On the 14th 
day, it had reached 1:11,000 in rabbit 
308, 1:19,000 in rabbit 310 and 1:24,000 
in rabbit 312. Titers were so high in 
these rabbits at the time of splenectomy 
and nonsplenic sources were already 
adding such a large amount of antibody 
that it was difficult to assess the amount 
of antibody formed after splenectomy 
during continued antigenic stimulation. 


It is interesting, however, that there 
seemed to be no change in the type of 
curve which could be ascribed to 
splenectomy. Thus, antibody increased 
from 11,000 to 19,500 units/ml in four 
days in rabbit 308 at a continuing pre- 
splenectomy rate of 0.15 and failed to 
rise in the other two (fig. 11). This re- 
sult is in line with our earlier assump- 
tion (1951) that the spleen at this time 
has ceased to form antibody. After- 
wards a plateau or slow! decline lasted 
until one day before to six days after 
the last injection and a rapid decline 
then set in in all three rabbits with an 
apparent half life between 4.6 and 6.9 
days. The intact rabbits behaved simi- 
larly (307, 309 and 311 in fig. 10). 


Experiment 5 (series 8, 9 and 10). Single 
and multiple reinjections of the intermedi- 
ate or large amount of sheep red cells into 
rabbits splenectomized at or near the 
time of the initial injection 

The compensatory activity of non- 
splenic sites in anamnesis was studied in 
three series of rabbits splenectomized 
at varying times from 22 to 193 days 
prior to the reinjection. In series 8, 
there was only one initial injection and 
one reinjection. In series 9, rabbits were 
injected repeatedly at first and -were 
given a single reinjection. In series 10, 
the same series of multiple injections 
was given twice. The experiment is 
illustrated by figures 14 through 17 
and additional data may be found in 
table 1. 

Series 8 (20 rabbits splenectomized 
three weeks or more prior to the reinjec- 
tion).—These rabbits, variously num- 
bered from 36 to 105, were splenec- 
tomized from 28 days before (95 to 97) 
to eight days after (53 to 55, 104 and 
105) an initial injection of 1 ml 10% 
red cells. They were reinjected from 22 
to 112 days later with the same number 
of red cells/kg. Their titers at the time 
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Fic. 12.—Changes in hemolysin titer in intact rabbit 181 from series 6 which received 17 initial 


injections of 1 ml 10% red cells/kg and, 36 days 
tions. See figure 1 for other explanations. 


after the last injection, a similar number of reinjec- 


Note the two changes in rate of increase during the initial rise of both the primary and secondary 
response. Peak titer was not reached until two weeks or more. 


of reinjection varied from 1:10 in rabbit 
105 to 1:700 in rabbit 53. 

Initial peak titers are represented in 
figure 14 by the irregularly dotted 
column when splenectomy was _ per- 
formed six to eight days after the initial 
injection (50 to 55, 100, 101, 104 and 
105) and by the regularly dotted column 
when splenectomy was performed be- 
fore or through five days after the initial 


injection. This device was used because 
hemolysins had had time to be produced 
in rabbits splenectomized six to eight 
days after they had received antigen 
but not in those splenectomized earlier. 
The mean peak titer of the primary 
response for the first group was 1:3067 
+1:414 as compared to 1:1016+1:267 
for the second group. 

Peak titers after the reinjection were 
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Fic. 13.—Changes in hemolysin titer in rabbit 182 from series 7 injected and reinjected as was rabbit 
181 in figure 12. This rabbit was splenectomized on the first day of the series of reinjections. See figure 


1 for other explanations. 


in general lower when the reinjection 
was made 47 days or less (series 8A) 
after the initial injection than when 
made later (series 8B). Before 50 days, 
they varied from 1:420 in rabbit 55 to 
1:2000 in rabbit 53 (mean=1:1030 
+1:207) and after 50 days, aside from 
105, which was unreactive, they varied 
from 1:900 in rabbit 98 to 1:3300 in 
rabbit 83 (mean = 1:1845 +1:256). This 
finding seems to indicate that some com- 
pensatory action had taken place after 
a month and a half. 


Rabbits 36, 39 and 47 were rein- 
jected a second time 48 days after the 
first reinjection and rabbit 36 a third 
time 55 days after the second reinjec- 
tion. Peak titers were reached within the 
same length of time as after the first re- 
injection but were lower. They were, in 
order, 1:500, 1:2200, 1:90 and 1:350. 

Series 9 (nine rabbits splenectomized 
either 16 or 27.5 weeks prior to reinjec- 
tion).—Groups of four (even numbers 
between 166 and 172=series 9A) and 
five (even numbers between 116 and 
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Fic. 14.—Data from series 8. Half of the 20 rabbits were splenectomized from 28 days before to 
five days after (regularly dotted column) and the other half six to eight days after (irregularly dotted 
column) a single initial injection of 1 ml 10% red cells/kg. Day of splenectomy is indicated by the 
numbers below the brackets. All were reinjected once (heavy striped column) 22 to 112 days later. 


See figures 3 and 4 for other explanations. 


Note a compensatory action for the spleen when the reinjection was made 51 days or more after 
the initial injection as shown by higher peaks after reinjection. 


124=series 9B) rabbits were given a 
multiple series of injections initially and 
a single reinjection as were those in ex- 
periment 3. They were splenectomized 
on the day of the initial injection, i.e., 
115 and 193 days before they were 
reinjected. The titers of the two groups 
when reinjected varied from 1:500 
to 1:1260 and 1:75 to 1:630, respec- 
tively. 

In spite of the high primary response 
in these splenectomized rabbits, the 
anamnestic response to a single rein- 
jection was within the range encoun- 
tered in series 9 (cf. fig. 15 with 14). 
In rabbit 172, there was a plateau for 
two weeks. In rabbits 168 and 170, the 
titer, after a preliminary decrease, in- 
creased slightly but not to as high a 
titer as at the time of the test reinjec- 
tion. In the rabbits in series 9B, the 
mean peak titer was higher after the 
longer interval (difference = 720 +180 
units/ml with P=0.005). Whether the 


greater response at 167 days was due to 
a compensatory action or to recovery 
from a refractory period can only be 
decided after further work. 

Series 10 (three rabbits splenectomized 
70 days prior to a series of reinjections). 
These three rabbits (187 to 189) were 
splenectomized on the day an initial im- 
munization schedule of 17 injections 
was begun similar to that described for 
the majority of the rabbits in experi- 
ment 4. Seventy days after splenectomy 
or 36 days after the last of the initial 
immunization injections, they were re- 
injected similarly. Titers ranged from 
1:1700 to 1:6700 at the time of reinjec- 
tion. 

Peak titers in these rabbits were not 
as high during the second series of in- 
jections as at first although they were 
reached in the same length of time 
(table 1 and fig. 16). The anamnestic 
response, however, was somewhat more 
pronounced than in intact rabbits 181, 
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Fic. 15.—Data from series 9. Nine rabbits were splenectomized on the first day of a series of initial 
injections and were reinjected once, 42 (first four) or 167 (last five) days after the last injection of the 
initial series. Injections into these rabbits were carried out at the same time as those in figure 9. See 
figures 3 and 4 for other explanations. 

Note that the anamnestic response was more marked after the longer interval. 

Fic. 16.—Data from series 10. These three rabbits were splenectomized on the first day of a series 
of initial injections and were reinjected with a similar series 36 days after the last one of the initial 
series. Injections into these rabbits were carried out at the same time as those in figures 10 and 11 
See figures 3 and 4 for other explanations. 
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Changes in hemolysin titer in splenectomized rabbit 187 from series 10, injected and re- 


injected as was rabbit 181 in figure 12. This rabbit was splenectomized on the day it was first injected. 


See figure 1 for other explanations. 


183 and 185 (fig. 10) or in rabbits 182, 
184 and 186, which were splenectomized 
when the test reinjection was begun 
(fig. 11). Figure 17 illustrates 
of the primary 
sponses in this group. 


the course 
anamnestic re- 
The figure is 
interest because this rabbit 
elicited the highest peaks (1:106,000 
and 1:35,000) so far obtained for either 
response in our work. 


and 


also of 


Characterization of the secondary response 


In describing the primary and sec- 
ondary responses in the ten preceding 


series of rabbits, we emphasized serum 
antibody and experimental conditions. 
We also utilized Student’s method of 
paired comparison for statistical anal- 
ysis. This pairing of the responses in the 
same rabbit gave little advantage be- 
cause (1) the peak titers for the two 
responses in the same animal were not 
significantly correlated although the 
mean titer was not significantly dif- 
ferent, and (2) antibody production was 
statistically the same in each similarly 
treated group except during the refrac- 
tory period after multiple initial immun- 
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ization. We, therefore, have recombined 
the rabbits into groups involving the 
same treatment and have supplemented 
some groups with rabbits similarly 
treated. Thus, the initial response to a 
single antigen injection was tested in 44 
intact rabbits in series 1 through 4 and 
to a repeated antigen injection in 15 in- 
tact rabpits in series 5, 6A and 7A. Sim- 
ilar initial treatments of rabbits, not in- 
cluded in the series because the rabbits 
were not reinjected, allowed 23 and 6 
rabbits, respectively, to be added to 
these two categories. In this realign- 
ment, rabbits receiving 1.25 ml of 1% 
and 1 mi of 10% red cells were grouped 
together since we (1950) found their re- 
sponses only differed in the number of 
phases characterizing the initial rise of 
antibody and the apparent half life of 
antibody of the most rapid decline. 
The singly injected rabbits were di- 
vided into four groups (A through D) 
which differed with respect to whether 
they were intact (A and B) or splenec- 
tomized (C and D) and whether they 
were initially injected (A and D) or re- 
injected (B and C). Four repeatedly in- 
jected groups (E through H) differed in 
a like manner. Frequency distributions 
with mean values were then made for 
each group of peak titer (fitted and, in 
the case of the test reinjection, derived), 
total antibody for 30 days, constant of 
increment, length of the induction 
period and the interva! to peak titer. 
These data are graphed in figures 18, 
19 or 20 and differences between the 
means of various groups with their 
statistical significance are given in table 
3. The means of four of these five values 
are essentially similar to the means for 
the individual series of rabbits in 
columns 3, 4, 6 and 8 of table 1. The few 
discrepancies in absolute values be- 
tween the two sets of data (table 1A vs 
fig. 18 through 20) and in the statistical 
validity of the differences (tables 1B 
and 3) are minor. Total antibody for 30 
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days is not given in table 1. This meas- 
ure for antibody response is approxi- 
mately of the same utility as peak titer 
for the first part of the immune response 
up to peak titer, but is more important 
in gauging antibody production as time 
goes on. 

The data involve observations on the 
anamnestic response 7 to 176 days 
after a single antigen injection and 2 
to 167 days after the last of a series of 
initial injections. They indicate that 
the intensity of the response, as meas- 
ured by peak titer and total antibody 
for 30 days, is remarkably variable 
from rabbit to rabbit and in the same 
rabbit. As may be seen by the frequency 
distributions in figure 18, a few rabbits 
in all the large groups formed a great 
deal more antibody than the majority. 
The difference between the initial re- 
sponse and the secondary response in 
the same rabbit is illustrated by intact 
rabbits 108, 112 and 113 in figure 6. In 
these three rabbits, peak titer of the 
secondary response was, respectively, 
about the same, less than and more than 
that of the initial response. This result 
was obtained in spite of identical treat- 
ment of the three rabbits. In the re- 
peatedly injected rabbits, peak titer of 
the second response in rabbit 181 (fig. 
10) was lower than that of the other 
three intact rabbits in series 6. Yet its 
primary peak titer was highest. 

Aside from such variability, all data 
are consistent in indicating that a sharp 
differentiation should be made between 
the secondary response elicited by a 
single antigen injection and that elicited 
by repeated injections. This same dis- 
tinction was made previously for the 
primary response (our work, 1951). The 
main point of departure is the relative 
greater importance of the spleen over 
nonsplenic antibody-forming — sources 
after single injections in both primary 
and secondary responses. Thus, when 
peak titers after reinjection of compar- 
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Fic. 18.—Percentage frequency distributions for fitted peak titer (dash lines) and for total antibody for 
30 days (solid lines) in eight groups of rabbits (A through H) treated differently with respect to a single or 
repeated initial injections and reinjections and splenectomy. The derived peak titer was used after reinjection. 
Means and standard errors are also included. Additional rabbits indicated by + in the figures were added to 
some groups, whereas the operative controls in all experiments and the reinjections in experiment 5 were 
omitted. For the statistical significance of differences between various groups, see table 3. 

Note that the curves for peak titer resemble in general the curves for total antibody in any particular 
group although the means are obviously smaller. 
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Fic. 19.—Percentage frequency distributions for the rate of accumulation (&) to peak titer with means 
and standard errors for the same groups of rabbits as in figure 18. A derived single value for k was used 
for the reinjected groups and for all initial rises having two or more phases. 

Note that the values for k to peak titer are small for the splenectomized rabbits after a single initial 
reinjection (group D) and for all rabbits repeatedly injected and reinjected (groups E to H). 

Fic. 20.—Percentage frequency distributions for the total time from injection or reinjection to peak 
titer (solid lines) with means and standard errors for the same groups of rabbits as in figure 18. Means 
(dash lines) and standard errors for the length of the induction period are also included. 

Note that the induction period is shorter after reinjection in intact singly injected rabbits but not in 
repeatedly injected intact ones. The same holds true for time to peak titer. 


able intact rabbits in series 1 and tained a mean of 1750+582 more 
splenectomized rabbits in series 2 were hemolytic units/ml than did the splenec- 
analyzed by Student’s method of paired tomized animals. This difference is not 
comparisons, the intact animals at- only highly significant statistically 
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(P =0.001) but indicates that the spleen 
forms about 71.1% of the antibody 
during the second response to a single 
reinjection or about the same _per- 
centage (75.8%) as found earlier by us 
(1951) during the primary response 
with the same amount of antigen. This 
conclusion is further illustrated in figure 
18 (also cf. groups A and B with 
C in table 3). On the other hand, the 
amount of antibody formed in splenec- 
tomized, repeatedly reinjected rabbits 
was marked as compared to that pro- 
duced in splenectomized singly rein- 
jected rabbits (cf. groups C and G in 
fig. 18 and table 3). 

Secondary response after a single anti- 
gen reinjection.—The amount of anti- 
body formed was statistically similar 
during the primary and secondary re- 
sponses to a single injection in intact 
rabbits. This conclusion is based on the 
data on peak titer in series 1 and 3 
(table 1) as well as on the total amount 
of antibody formed in 30 days in groups 
A and B (figure 18 and table 3). On the 
other hand, the initial rise to peak titer 
of the secondary response was charac- 
terized by a higher rate of accumulation 
of antibody according to the derived 
values for k, a shorter induction period 
and a shorter time of formation (see 
especially table 3). Columns 5 and 7 of 
table 1 also include means for the initial 
antibody rise. These data may be of in- 
terest should later work prove that the 
spleen is only involved in this phase. 
They give about the same statistical 
validity as corresponding means for 
peak titer and the rate of its accumula- 
tion. 

Intense antigenic stimulation during 
initial immunization did not cause any 
significant enhancement of the response 
to a later single antigen injection since 
the secondary response was never more 
intense than would be expected had the 
rabbits been injected only once initially. 
On the contrary, it probably produced a 
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partially refractory period since the 
second response was low at 42 days. 
The rate of decline of antibody during 
the secondary response in intact animals 
was similar to that during the primary 
response. The insignificant differences 
between the most rapid decline follow- 
ing peak titer may be found in table 2. 
Secondary response after a series of 
antigen reinjections.—As compared to 
initially injected rabbits, less antibody 
was formed relatively after a series of 
reinjections than after a single one. This 
conclusion is illustrated in figure 18 
and table 3 (cf. groups A with B and 
E with F). Moreover, it accumulated 
more slowly although over a longer time 
(figs. 19 and 20 and table 3). This finding 
is in line with the idea expressed by us 
earlier (1951) that become re- 
fractory to producing antibody after a 
certain degree of immunization until re- 
generative processes occur. Series 5A 
and B_ which intensively im- 
munized initially substantiate this con- 
tention. The same type of refractoriness 
was shown for nonsplenic sites in re- 
peatedly reinjected splenectomized rab- 
bits (fig. 11). After 42 days, the anti- 
body response was uniformly weaker 
than when 167 had_ elapsed. 
Whether as much antibody would be 
found during a series of reinjections 24 


sites 


were 


days 


weeks or so after an initial series can 
only be answered after further work. 
The rabbits of group G were treated 
identically like those of group F except 
that they were splenectomized at the 
time of the first of the second series of 
immunizing injections. Although titers 
were too variable and the groups of 
rabbits too small to give statistically 
significant differences (table 3), more 
antibody was probably formed (fig. 18) 
at a slightly faster rate (fig. 19) and in 
a shorter period of time (fig. 20) in group 
G than in group F. It would seem that 
two antagonistic factors may be op- 
erating here, i.e., the partially refrac- 





SECONDARY HEMOLYSIN RESPONSE 


tory state which the animals seemed to 
be in and the effects of splenectomy, 
which we have previously shown (1951) 
has a stimulating effect on antibody 
formation during intense immunization 
by multiple antigen injections. 

Serum antibody had started to de- 
cline at 30 days in all of these rabbits 
even though injections were being con- 
tinued. One-fifth to one-third more total 
antibody was formed during the follow- 
ing 30 days. 


TABLE 3.- 


From figure 


Groups 
Difference between:} 


I and R: both intact 

I and R: R splenectomized 
R in intact vs. splenectomized 
T in intact vs. splenectomized — 


A an 

A and C 
B and C 
Aand D 


sth taSctninen with the statistical ate 1 ssanmad between means shown in figures 18, 


Induction 
period 


Response after single injection < or rein: 
d 9ge** 3.13 


0: 03 
1.01*** 
1.31°** 
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response is not as characteristic of par- 
ticulate as of soluble antigens. Results 
with particulate microbial antigens vary 
but Burnet and Fenner (1949) believe 
that the differentiation between the 
primary and secondary response is not 
nearly as definite as for toxins and 
toxoids. They reported practically no 
secondary response to antigens consist- 
ing of relatively pure suspensions of 
rickettsias of Q fever. Qn the other 


hand, Topley (1930, see also Wilson 


19 and 20. 


20 18 19 


Total 
antibody 
for 30 days 


x108 units/ml 


Peak 


Time to titer 


to peak 


jection 

1.01 
2.84™* 
1.83* 
2.74% 


2.07% 2.19%** 
1.06% 1.56** 


1.98*** 2.14" 





I and R: both intact 

I and R: R splenectomized 
R in intact vs. splenectomized 
q in intact \ vs. 8. splenectomized © 


E and G 
F and G 
E and H 


1.01* 
0.30 
2.05 


Response after a repeated series of injections or reinjections 
E and F 0.7 6.12* 10. 


87* 25.42** 
2.29 5.29 15.0 
8.41* 5.58 10.42 
3. Tasos 19.26" 38.41* 





R: both intact 
R: both splenectomized 
I: both eplenectomised 


B and F 
Cand G 
D and H 


* P 50.05. 


+ ** P<0.001; * P<0.01; 


Response efter single injection compared » with renee after vepeeees | injection 
I: both intact A and 7.07"* 12.4 


1. w 
0.43 
0.19 


16.32°** 
6.85*** 
8.83" 


33. ceed 76. “Ogee 


t I, initial response; R, anamnestic response after a test reinjection. 


DISCUSSION 

The present work should be con- 
sidered in relation to past work on 
specific anamnestic responses and to our 
work on the function of the spleen in 
antibody production. 

It is generally agreed that antibody 
response is less active on first contact 
with an antigen than after second or 
subsequent contacts. The classic exam- 
ple of a pronounced secondary response 
involves diphtheria toxin (see review by 
Glenny and Siidmerson, 1921, and 
Glenny, 1931) and is characterized by 
a shorter induction period and a steeper 
rise to a higher titer as compared to 
the primary response. Various authors 
have stressed the fact that a pronounced 
secondary or homologous anamnestic 


and Miles, 1946) reported a marked 
secondary response in rabbits to intra- 
venous suspensions of Salmonella para- 
typhi B. He not only stressed that the 
secondary response rose to a higher 
titer, but that the high titer was main- 
tained for a longer period than after 
the peak of the primary response. 
Burnet and his coworkers (see Burnet 
and Fenner, 1949) have differentiated 
the character of the primary and second- 
ary rise of antibody formed in response 
to a soluble antigen. According to them, 
a plot of log titer against time gave a 
sigmoid curve during the slow rise of 
the primary response and a straight, 
steep line during the secondary rise. 
Burnet’s and our results need not be 
incompatible. We frequently found two 
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or three linear phases for the initial 
antibody response, each with a succes- 
sively decreasing value for k, and usually 
a single phase for the second response. 
Some of Burnet’s sigmoid curves could 
have been drawn as discontinuous 
straight lines just as many of our multi- 
phase rises could have been drawn as 
sigmoid curves except that closely 
spaced antibody titrations convinced 
us that they consisted of discontinuous 
“compound interest’’ curves’ which 
broke sharply (our work, 1950). We did 
not obtain a longer persistence of anti- 
body in intact animals as found by 
Topley with paratyphoid vaccines. 

The overwhelming evidence in the 
present work indicates that the spleen 
plays about the same role in producing 
antibody in response to a second antigen 
injection as to the first one. Not only 
is the spleen of paramount importance 
in forming most of the antibody present 
at peak titer, but it abruptly ceases to 
form antibody at about peak titer 
while nonsplenic sources continue to 
form small amounts. The most direct 
evidence for the cessation of splenic 
activity is the finding that splenectomy 
at about the time of peak titer did not 
increase the rate of antibody disap- 
pearance as it would had the spleen 
been pouring appreciable amounts of 
antibody into the serum. We did not 
splenectomize animals at about peak 
titer of the secondary response, but the 
general rate of antibody decline after 
the secondary peak titer in both splenec- 
tomized and intact animals indicates 
that the behavior of the spleen is the 
same in both responses. 

Our previous work (1950 and espe- 
cially 1951) showed that nonsplenic 
sites become relatively more active than 
the spleen as antigenic stimulation is 
increased. When multiple injections of 
antigen were given, nonsplenic sites 
were more active in splenectomized 
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rabbits than nonsplenic sites plus the 
spleen in intact rabbits. The results 
obtained in experiment 4 of the present 
work leave little doubt that the spleen 
is relatively unimportant during the 
secondary response induced by multiple 
injections. Thus, intact rabbits in series 
6 secondarily immunized with multiple 
injections produced about the same 
amount of antibody as rabbits in series 
7 similarly treated but splenectomized 
at the beginning of the second series of 
antigen injections. 

In series 3 and 6, nonsplenectomized 
operative controls (appendix, one kid- 
ney or one testis removed) sometimes 
gave higher anamnestic responses than 
intact animals. This result was also re- 
ported by us (1951) for the initial 
response. We have no satisfactory ex- 
planation for the apparent persistence 
of this effect in rabbits 155, 157 and 
159 in series 6 which were reinjected 70 
to 89 days after the operation. 

Recently we (1951) published evi- 
dence for believing that the spleen and 
possibly all antibody-forming sources 
form a certain amount of antibody and 
pass into an inactive phase. As a work- 
ing hypothesis, we also suggested that 
the speed at which a site like the spleen 
enters and recovers from the inactive 
phase depends upon such interrelated 
factors as (1) rate of antibody formation, 
(2) availability of anabolic intermedi- 
ates and (3) presence of antigenic stimu- 
lation. We have, for convenience, di- 
vided this phase into (1) the inactive 
phase proper which is limited to situ- 
ations in which the site produces 
more antibody when more antigen is 
injected and (2) the refractory phase 
in which it does not. The limiting factor 
of the inactive phase is apparently the 
presence of antigen and that of the 
refractory phase most likely the 
postulated anabolic intermediates. Such 
intermediates are probably concerned 


is 
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in that phase of normal globulin synthe- 
sis which can be redirected to produce 
specific antibody. 

The present results are in agreement 
with the foregoing hypothesis. If the 
cessation of antibody formation, i.e., the 
inactive phase, after a single antigen 
injection in the amounts we used, is 
due to lack of antigenic stimulation, it 
is not unexpected that a single reinjec- 
tion from seven days on should result 
in the formation of about the same 
amount of antibody and in about the 
same proportion by the spleen and 
nonsplenic sites. This is what we found. 
On the other hand, rabbits given a 
single reinjection after a series of initial 
injections were in a partially refractory 
phase 42 days after the initial immuni- 
zation whereas the reactivity was re- 
gained by 167 days (series 5). It is 
interesting that the anamnestic response 
thereafter only attained and did not 
exceed that following a single initial in- 
jection. 

Previous immunization after a single 
antigen injection shortens the induction 
period of the secondary response. On the 
other hand, splenectomy (compare the 
initial response of series 8A and 8B 
with that of series 3 and 4 in table 1) 
or large doses of X rays lengthen it 
(Taliaferro et al, 1952). When splenec- 
tomy is combined with a_ second 
injection of antigen, the two factors 
largely cancel out. The shortened induc- 
tion period and possibly the increased 
rate of antibody accumulation are 
probably associated with a greater 
concentration of anabolic intermediates. 
These intermediates may be present 
from the primary response or may be 
secondarily associated with the more 
rapid absorption of antigen from the 
blood and deposition in the antibody- 
forming sites (cf. Talmadge et al, 1951). 
In this connection, it is noteworthy 
that the induction period of the second- 
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ary response was not shortened (3.4 
days) in the rabbits of series 5A, which 
we believe were in a partially refractory 
stage from the initial intense immuniza- 
tion, whereas it was shortened (1.8 
days) in the rabbits of series 5B after 
normal reactivity was regained. 

The anamnestic response in rabbits 
splenectomized at various intervals 
during initial immunization are chiefly 
of value in indicating that partial and 
possibly, at times, full physiological 
compensation for the lost spleen occurs 
in the rabbit. Thus, in figure 14, some 
of the rabbits which had been splenec- 
tomized 90 to 126 days prior to the 
second injection of antigen gave re- 
sponses that would be expected in 
intact animals. The same is true of the 
rabbits in series 9B (fig. 15), which were 
splenectomized 193 days before the test 
series of reinjections. These results are 
in line with our previous finding (1950) 
that two of three rabbits splenectomized 
28 days before and three rabbits splenec- 
tomized 98 before a single initial injec- 
tion of red cells gave essentially normal 
responses. 


CONCLUSIONS 


The anamnestic response was studied 
in 39 intact and 55 splenectomized 
rabbits, as well as in 16 rabbits from 
which the appendix, one testis or one 
kidney was removed at, the time of the 
first injection. Single or a series of 
repeated reinjections of standardized 
suspensions (varying over an 80-fold 
range) of sheep red cells was used. As 
in our previous work, all titers were 
determined photometrically in 50% 
hemolytic units. 

1. A single reinjection of sheep red 
cells at intervals from 7 to 176 days 
after a similar initial injection stimula- 
ted the formation of statistically similar 
amounts of antibody as the initial injec- 
tion, but hemolysin began to be formed 
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sooner (induction period shortened by 
a third) and at a more rapid rate (the 
derived constant of increment about 
doubled). In addition, the rate of the 
anamnestic rise to peak titer usually 
consisted of one rapid rise, whereas 
the initial rate of rise to peak titer 
frequently consisted of two phases. 
The spleen formed about 71% of the 
antibody at peak titer after reinjection, 
which is approximately equal to the 
amount formed during the initial re- 
sponse. No evidence was found that 
hemolysin declined after the second 
response at a slower rate than after the 
peak of the primary response. 

2. Intense initial immunization by 
multiple antigen injections induced a 
partially refractory phase to a single 
reinjection at 42 days. Recovery there- 
after (between 42 and 167 days) was 
associated with the production of hemo- 
lysin within but not above the normal 
range for the initial response after a 
single antigen injection. 

3. A second multiple series of injec- 
tions of red cells at intervals varying 
from 21 to 64 days after the last of a 
similar series of initial injections in four 
rabbits incited a greater secondary 
response than a single reinjection of 
antigen but not as great as the initial 
response during the series of initial 
injections. These animals were probably 
in a partially refractory phase from the 
initial multiple immunization. Splenec- 
tomy at the beginning of the second 
series of antigen reinjections did not 
depress antibody formation as it did 
at the time of a single reinjection. This 
lack of effect of splenectomy agrees 
with previous finding that the 
spleen becomes relatively less impor- 
tant as antigenic stimulation is 
creased. 


our 
in- 


4. More hemolysin was sometimes 
produced both primarily and second- 
arily in rabbits from which the appen- 
dix, a testis or a kidney had been 
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removed on the day of the initial 
injection of red cells than in intact 
singly injected rabbits and intact or 
splenectomized repeatedly injected ones. 

5. Nonsplenic sites partially compen- 
sated for the loss of the spleen in 
rabbits splenectomized 51 days or more 
prior to a single reinjection of red cells. 

6. The characteristics of the anam- 
nestic response are compatible with the 
suggestion made previously for the 
primary response, viz., that the spleen 
and possibly all antibody-producing 
sites form a certain amount of antibody 
and then pass into an inactive and, at 
times, a refractory phase during which 
they form little or no antibody. 
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During the last twelve years or so a 
lung disease of unknown etiology has 
been prevalent in sheep in Iceland. Ex- 
cept for a general emaciation, distinc- 
tive anatomical changes in this disease 
are found only in the lungs, which show 
a chronic pneumonia, and in the trache- 
obronchial lymph nodes. Although the 
cause of this disease is not known, all 
circumstantial evidence suggests that it 
is contagious, and that it has a very long 
incubation period—one to three years 
or more. It was probably introduced 
into this country in 1933 with some 
rams of karakul breed which were im- 
ported from Germany at that time. 
Two other diseases which were un- 
doubtedly introduced with these rams 
have been described earlier (Dungal et 
al, 1938; Sigurdsson, 1945), so that this 
seems to be the third disease introduced 
with this flock. 

The disease in question is in Iceland 
called maedi. It is very prevalent in 
many districts in Iceland and causes 
extremely heavy losses to the farmers, 
as it is not unusual that 20 to 30% of 
the flock may succumb annually. It is 
rarely observed in sheep less than two 
years old, but from that age on losses are 
often heavy. 

In the absence of any other methods 
of control this disease has in recent 
years been dealt with under a slaughter- 
ing policy in certain districts. All the 
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sheep in a given district have been de- 
stroyed, and the lambs from an unin- 
fected area have been introduced in 
their place. So far about 170,000 sheep 
have been destroyed according to this 
plan, and about 80,000 healthy sheep 
have been introduced into the same 
areas again. There remain in infected 
areas about 130,000 sheep which will 
have to be destroyed if the slaughtering 
policy is to be continued. 

It is still too early to conclude that 
these measures have succeeded in eradi- 
cating the disease from the areas in 
question, and any attempts to predict 
this would be futile, as the mode of 
spread of maedi is not known. If the 
disease does not reappear in the next 
few years in the areas where an ex- 
change of the stock has been made, it 
is likely that the sheep in the remaining 
infected areas will also be destroyed. 

The present paper will not discuss the 
epidemiology of maedi, as this aspect 
has been more fully investigated by 
others, but we shall instead confine our- 
selves to some clinical and laboratory 
studies on this new disease. 


CLINICAL STUDIES 


The first signs of maedi are usually a 
slowly advancing listlessness and loss of 
condition. This often becomes apparent 
when the weather changes for the worse, 
or after the sheep have been exposed to 
some unusual physical strain such as 
long driving. An early sign is that the 
sheep become dyspnoeic, and after an 
exertion the respiration becomes very 
rapid and shallow. It is not possible to 
distinguish in the individual case be- 
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tween maedi and any other kind of 
afebrile pneumonia, but if the history of 
the case is known, the protracted course 
and progressive loss of condition in a 
flock where maedi has occurred are sug- 
gestive. In contradistinction to epizo- 
otic adenomatosis (Dungal et al, 1938) 
maedi does not produce in the lung any 
quantity of fluid which 
could be poured out through the nos- 
trils. 


appreciable 


The frequency of respiration is usu- 
ally above normal and sometimes ex- 
cessively high (80 to 120 per minute at 
rest). As the disease progresses the res- 
piration becomes very difficult or la- 
bored, the nostrils are dilated and flank 
breathing or pumping is commonly ob- 
served, even while the animal is at rest. 
In some cases coughing with more or 
less nasal discharge has been observed. 

The body temperature in uncompli- 
cated cases is within the normal range, 
although possibly close to the upper 
limit. This has been observed repeatedly 
over a number of years. The same may 
be said of the pulse rate, although this 
is rather difficult to determine in sheep, 
as the handling involved tends to influ- 
ence the rate of the pulse. 

As the disease advances and the sheep 
lose condition the hemoglobin content of 
the blood decreases. This is not an early 
sign, but values as low as 7 to 8 g hemo- 
globin per 100 ml blood are sometimes 
found in late stages. The normal value 
for hemoglobin in sheep in Iceland is 
from 12 to 14 g per 100 ml blood. 

The number of red cells also decreases 
but proportionately less than the hemo- 
globin content, so that the anemia is of 
the hypochromic type. The mean cor- 
puscular hemoglobin value is normally 
from 11 to 13, but in cases of anemia due 
to maedi it is usually between 10 and 11. 

The number of white cells in the 


blood of maedi cases varies generally 


from 6 to 12 thousand per mm‘, aver- 
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aging about 8.5 thousand per mm.’ This 
is slightly above normal as the normal 
figures found here are usually from 4 to 
6 thousand per mm*, 

Nonprotein nitrogen of blood plasma 
was found to be normal. The average 
and standard error for eight diseased 
sheep was 31.5+1.7 mg per 100 ml 
plasma, and for a control group of 
seven clinically healthy sheep 31.4 
+ 1.3. These determinations were carried 
out according to Koch and McMeekin 
(1924) after deproteinization of the 
plasma with tungstic acid. 

Total protein determined in 
plasma from 19 diseased sheep. The 
average for these determinations was 
6.05+0.12 g protein per 100 ml of 
plasma. A control group of 20 clinically 
healthy animals gave the average 6.50 
+0.08 g protein per 100 ml of plasma. 
These determinations were carried out 
by a micro-Kjeldahl method with direct 
nesslerization (Koch and McMeekin, 
1924; Miller and Miller, 1948). A cor- 
rection for nonprotein nitrogen was in- 
troduced. The nitrogen content of the 
protein was assumed to be 16%. The 
lowest of the values determined, 4.7 
and 4.8 g protein per 100 ml plasma, 
were found in the plasma from two of 
the diseased animals. Both of these 
sheep, and only these two, showed hepa- 
titis upon autopsy. The highest value 
in the diseased group was 7.2. The 
probability, P, that the difference in 
the two averages is caused by chance 
alone, was calculated to be far below 
0.01, whether the two sheep suffering 
from hepatitis are included or not. The 
average total protein in plasma in the 
diseased group thus turns out to be sig- 
nificantly lower than the average for 
the control group. 

Preliminary analysis of the albumin- 
content of plasma after fractionation 
with sodium sulfate indicates that the 
disease is accompanied by hypoalbumi- 


was 
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nemia, which would account for the low 
total protein of the plasma while the 
globulin is near its normal value. The 
low values for total protein are possibly 
an indication of the general wasting of 
the organism encountered in advanced 
cases of maedi. This may be compared 
with the emaciation found in malignant 
disease and chronic infections. 

Fibrinogen was determined in plasma 
from 19 diseased sheep. The average 
found was 0.359 + 0.022 g fibrinogen per 
100 ml of plasma. A control group of 
10 sheep of approximately the same age 
distribution as the former, gave an aver- 
age of 0.297+0.014 g fibrinogen per 
100 ml of plasma. For the difference in 
these two averages P was calculated to 
lie between 0.10 and 0.05. The difference 
thus cannot be considered as significant. 
It was found essential to take into ac- 
count the age factor, since 10 healthy 
yearlings were found to have signifi- 
cantly lower fibrinogen than the con- 
trol group, i.e., 0.216+0.013 g fibrino- 
gen per 100 ml plasma. The determina- 
tions were carried out by the same 
micro-Kjeldah! method as was used for 
the determination of total protein. Fi- 
brinogen was isolated as fibrin (Cullen 
and Van Slyke, 1920) and brought into 
solution with a minimum amount of 1% 
solution of sodium hydroxide. 

Reducing sugars in blood plasma 
were found to be normal. The average 
for 6 diseased sheep was found to be 
62.3+1.9 mg per 100 ml of plasma, cal- 
culated as glucose. The average for five 
control sheep was 63.8+1.1 mg. per 100 
ml of plasma. The determinations were 
done on protein-free plasma filtrate ac- 
cording to Benedict (1931). Venous 
blood was drawn 14 hours after the last 
meal and the plasma was deproteinized 
with tungstic acid. 

The carbon dioxide capacity of blood 
plasma was determined in plasma from 
16 diseased sheep. The average for 
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these determinations was 70.0+1.2 vol- 
umes percent. A control group of 15 
sheep gave the average 64.2+0.9 vol- 
umes percent. These determinations 
were done manometrically in the Van 
Slyke and Neill manometric gas analy- 
sis apparatus, after saturation of the 
plasma with alveolar air. A calculation 
of the significance of this difference 
gives P much lower than 0.01, and this 
increase in carbon dioxide capacity is 
therefore considered significant. 

The increased carbon dioxide 
pacity of the plasma suggests in this 
case acidosis of respiratory origin. The 
lung damages may inhibit the normal 
release of carbon dioxide from the blood 
and give an increased carbon dioxide 
tension in the plasma. This would stim- 
ulate the compensatory mechanisms 
and lead to an increased carbon dioxide 
capacity. 

It is doubtful that recoveries ever 
occur in maedi, and they are certainly 
rare. General practice among the 
farmers is to destroy all cases encoun- 
tered in the fall and until mid-winter. 
Those that occur after March or so 
they let live in the hope that they will 
be able to rear a lamb, which they 
sometimes do. Under natural conditions 
cases of maedi very often succumb 
to a terminal acute pneumonia, usually 
showing large numbers of the bacilli de- 
scribed by Dungal (1931). If the sheep 
are not killed and if they meet with no 
particular hardships they may usually 
be expected to survive for three to six 
months after the first symptoms are 
noticed. In certain cases symptoms 
last much longer, even for years. 


Ca- 


FINDINGS AT AUTOPSY 


Macroscopic findings. — Uncompli- 
cated cases of maedi show no typical 
pathological macroscopic changes out- 
side the thoracic cavity. The carcass is 
usually thin, and there may be some 
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serous fluid in the abdomen. When the 
thorax is opened the lungs collapse less 
than normally, and in a minority of 
cases fibrous adhesions are found cover- 
ing a portion of the surface of one, or 
occasionally both, lungs. 

The most striking fact about the dis- 
eased lungs is their size. Instead of the 
normal weight of from 300 to 500 g the 
maedi lungs weigh from two to five 
times that much. The tracheobronchial 
lymph nodes are also greatly enlarged. 
Table 1 gives the weight of the lungs 
TABLE 1.—Weight of lungs and tracheobronchial 
lymph nodes in 10 cases of maedi in sheep (normal 
weight of lungs about 300 to 500 g; normal weight of 

lymph nodes about 10 to 15 g). 

Weight of 
tracheobronchial 

lymph nodes 


in grams 


Weight of 
lungs in 
grams 


1120 
1140 
1330 
1160 

860 
1040 
1810 

970 
1800 

950 


1218 


and of the tracheobronchial lymph 
nodes in 10 consecutive cases of maedi 


autopsied in our laboratory. 

The color of the maedi lungs differs 
considerably from normal lung color. 
It varies from greyish yellow to grey- 
To the touch the 
lungs are diffusely thickened and feel 
somewhat like a rubber sponge, al- 
though less elastic. The whole lungs are 
usually remarkably uniform in color 
and consistency, i.e., the pathological 


ish blue. diseased 


changes seem to progress evenly in the 
whole organ with no normal lung tissue 
visible anywhere. This is in contrast to 
other lung lesions with which we are 
familiar, and normal 
parts may be easily distinguished in the 
same pair of lungs. On the cut surface 
the tissue is rather dry, and it is ho- 


where diseased 


mogenous as to color and consistency 
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there also. The larger bronchi often con- 
tain some mucus. It should be emphe- 
sized that the consistency of the lung 
tissue in maedi is always very much 
softer than in ordinary pneumonic he- 
patization. 

Microscopic findings——The main 
characteristic of the histological picture 
in maedi is a proliferation of mesenchy- 
mal tissue with a thickening of the al- 
veolar septa, and at times numerous 
macrophages in the alveoli (figs. 1, 2, 
and 3). Large solid areas are usually 
not seen in the slides, but in advanced 
cases the air spaces sometimes appear 
as round or oval openings in the lung 
tissue, which has to a great extent lost 
its characteristic structure and is trans- 
formed into strands of mesenchymal 
cellular tissue. In such much 
more area in a given field is covered by 
the solid tissue than by the air spaces. 
Presumably the alveolar septa have 
given rise to the bulk of the pathologi- 
cal tissue that is seen in the micro- 
scope. This would be concluded from 
the appearance of the tissue in young 
cases rather than from the structure of 
the lung in advanced cases, where it is 
no longer possible to recognize many of 
the mesenchymal strands as septa. In 
young cases the alveolar septa seem 
hyperemic, but later in the disease there 
is a considerable increase in fibrous tis 
sue and the smooth muscle normally 
found at the level of the alveolar ducts 
appears in many cases hypertrophic. 

In some cases of maedi microscopi- 
cally visible accumulations of lymphoid 
tissue are found scattered through the 
lung. These accumulations are at times 
very conspicuous and are particularly 
to be found close to a bronchus or a 
bronchiolus. It is, however, difficult to 
assess the significance of this finding, 
as in our experience accumulations of 
lymphoid tissue are frequently found 
in normal sheep’s lungs, although we 


cases 








Fics. 1-3.—A typical maedi lung. For a description of the lesion see the text. Fig. 1, X14. Fig. 
2, X130. Fig. 3, 480. 





238 


believe it is particularly conspicuous in 
maedi. 

The cellular exudate in the alveoli is 
composed mainly of the common al- 
veolar macrophage. A few lymphocytes 
are also seen, but few if any segmented 
leucocytes appear, except in cases 
where an acute pneumonia has super- 
vened, when they are, of course, ex- 
tremely numerous. 

In from 


maedi lungs we find almost always large 


Giemsa-stained smears 


Fic. 4. 


mononuclear cells with protoplasmic in- 
clusions of a rather typical appearance 
(fig. 4). They perfectly 
round, varying in size from 1 to 3 uw, and 


are almost 
they stain with a soft greyish blue color 
that is rather characteristic. They are 
seen either single or multiple within a 
cell. If multiple they may 
We have 


these inclusions in normal lungs, but 


vary con- 


siderably in size. not seen 
we have not searched for them in a suf- 
ficient number of other pathologically 
changed lungs to be able to maintain 
that these inclusions are pathognomonic 
for maedi, although with the evidence 
at hand this would seem to be so. 
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The bronchial tree is in general re- 
markably free of lesions, the epithelium 
usually being intact and the lumina 
free of exudate. It is a common finding, 
however, to see small epithelial forma- 
tions outside the bronchi in the form of 
irregular cavities lined with cubical or 
cylindrical epithelial cells. These epithe- 
lial formations are never very extensive 
and remind one of the findings in influ- 
enza reviewed and 
Loosli (1949). 


as extended by 


Giemsa-stained cells in smear preparations from a maedi lung. 1575. 


and 
mediastinal lymph nodes show a gen- 


The enlarged tracheobronchial 
eralized hyperplasia and chronic inflam- 
matory changes. 

Inflammatory changes in the livers 
have been found in several advanced 
cases of maedi. These appear as small, 
scattered infiltrates of lymphocytes and 
plasma cells without apparent connec- 
tion with the vessels of the liver. 

Supplementing our historical obser- 
vations we determined the amount ol 
connective tissue in four maedi lungs 
and four normal lungs by digesting in 
0.1 


Wahi, 1947) and drying and weighing 


N sodium hydroxide (Warren and 
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the insoluble, fibrous residue. This 
method is admittedly rather rough, but 
the results shown in table 2 indicate 
that on a dry matter basis the amount 
of fibrous tissue is approximately the 
same in infected and in healthy lungs, 
the average of fibrous tissue being 14% 
and 12%, respectively. The table also 
shows that there is about the same 
amount of dry matter per unit weight of 
wet substance in the diseased lungs as 
in the normal lungs. 


TABLE 2. 
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then inoculated on plates of plain agar, 
blood agar and chocolate agar, two 
drops on each plate. Five days later an 
average of three colonies was found on 
each plate, but these colonies were the 
common contaminants. 

Attempts to cultivate fungi on Sabo- 
raud’s medium have also given negative 
results. 

Dr. C. E. Roach of the Lilly Research 
Laboratories, Indianapolis, Indiana, 
kindly furnished samples of histoplas- 


Amount of fibrous tissue and percentage of dry matter in four maedi lungs 


and four control lungs. 


Before digestion 

Dry weight 
Wet weight - 
in grams Percent of 


Grams 
rams dry weight 


1.135 2 


/ 


3 
4 
6 


Average 3 94 


173 1.040 
176 § 1.000 .0 
181 q 1.032 > 
184 5 1.087 cs 
Average 1.040 7 


ETIOLOGICAL STUDIES 

The experience in the field seems to 
indicate that maedi is transmitted from 
sick to healthy sheep by contact. Our 
experimental results which will not be 
reported here also indicate this. 

We have not, however, been able to 
demonstrate any etiological agent re- 
sponsible for this infection. The lungs 
from uncomplicated cases of maedi are 
commonly found to be sterile when in- 
oculated on the ordinary plain or en- 
riched bacteriological mediums (blood- 
agar, made with horse blood, chocolate 
agar, tryptose agar) and incubated aero- 
bically or anaerobically. Ten consecu- 
tive cases of maedi which were recently 
autopsied were studied by grinding 
pieces of lung tissue in a glass grinder 
with sterile distilled water to make a 
20% suspension. This suspension was 


Control sheep 
20.8 500 


Fibrous tissue remaining after digestion 
Put in ’ 
digestion 


( Percent of 
mg) 


wet matter 


Percent of 
dry matter 


Maedi-infected sheep 
22.7 500 


500 
500 
500 


) 
500 
500 
500 


and 


tests. 


min, blastomycin, toxoplasmin 
torula antigen for intradermal 
Dr. Charles E. Smith of Stanford Univer- 
sity School of Medicine, San Francisco, 
California similarily furnished samples 
of coccidioidin. Each antigen was tested 
intradermally on from 11 to 25 proven 
or suspected cases of maedi with nega- 
tive results. This would seem to exclude 
fungi and the tortula yeast as factors of 
etiological significance in maedi. 
Serums from six cases of maedi were 
subjected to complement fixation tests 
with antigens specific for psittacosis 
and Q fever. Five normal serums were 
tested in the same way at the same time 
as controls. The tests for psittacosis 
the 
showed a slight fixation with the Q fever 


were negative. Some of serums 


antigen, but this was true of both the 
maedi serums and the controls. 
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Lungs from cases of maedi are gen- 
erally no more heavily infected with 
lung worms than are lungs of other 
sheep in Iceland, nor are there other 
known reasons to suspect that metazoa 
may play a role in the etiology of this 
disease. 

If an insect vector for the hypotheti- 
cal infectious agent were to be con- 
sidered, it may be pointed out that the 
sheep ked (Melophagus ovinus) is al- 
most universally present on Icelandic 
sheep. 

As no bacteria or fungi have been 
found that could be suspected of caus- 
ing maedi, we have attempted to dem- 
onstrate a virus in the infected lungs. 
These attempts will be reported later. 

We have also attempted to demon- 
strate a specific antigen in lungs of in- 
fected sheep. For this purpose we have 
prepared in various ways numerous ex- 
tracts from infected lungs and used 
them in the complement fixation test 
with serums from natural cases of 
maedi. We have not succeeded in 
demonstrating conclusively the pres- 
ence of a specific antigen in maedi 
tissue. 

We have tested the effect of aureomy- 
cin* on five cases of maedi. The drug 
was administered intravenously as fol- 
lows: The initial dose was 5 mg per lb of 
body weight. After that 2.5 mg per Ib 
of body weight were administered every 
12 hours for four days. A second course 
of exactly the same treatment was given 
again ten days later. Five similar cases 
of maedi were kept as controls. The 
treated animals showed no clinical 
signs of recovery. The frequency of res- 
piration continued to increase in both 
groups, the hemoglobin values of the 


* Obtained through the courtesy of Lederle 
Laboratories Division, American Cyanamide 
Company, Pearl River, N. Y. 
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blood fell at about the same rate in 
both groups, etc. 

The sheep were slaughtered and au- 
topsied about two months after the 
treatment was begun. They were all. 
found to be typical cases of maedi, and 
no striking differences between the 
weight or general appearance of the 
lungs in the two groups were observed. 

Although the infectious nature of 
maedi seems beyond question, we have 
considered the possibility that a nutri- 
tional deficiency might be involved. We 
have no evidence that such is the case. 
In particular we have considered the 
possibility that a deficiency of the mi- 
croelements, copper and cobalt, might 
be involved. Several serums of sheep on 
an affected farm were analyzed for cop- 
per. The values found varied from 0.09 
to 0.12 mg copper per 100 cc of blood, 
which is within the normal range. 

Samples of soil and herbage from two 
affected districts were analyzed for co- 
balt. The average values from the first 
district were 2.07 parts per million co- 
balt in the soil and 0.24 p.p.m. in the 
herbage, and from the second district 
7.8 p.p.m. in the soil and 0.29 p.p.m. in 
the herbage. A nutritional deficiency of 
cobalt would not be expected to occur in 
animals grazing on land showing these 
values for cobalt. 

Extensive feeding experiments with 
copper and cobalt did not indicate that 
these microelements had a_ beneficial 
effect on clinical cases of maedi, nor did 
they prevent the occurrence of new 
cases in flocks where these 
were being fed. 


minerals 


DISCUSSION AND SUMMARY 


A chronic pneumonia of sheep is 
prevalent in many districts of Iceland. 
The epidemiological behavior of the dis- 
ease, which in Icelandic is called maedi, 
definitely indicates that it is an infec- 
tious process. The cause of the disease is 
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not known, but it is believed that mi- 
croscopically organisms have 
been ruled out as a possible cause. The 


visible 


disease is characterized by an incuba- 


tion period of about two years and a 
protracted course. The lungs of a typi- 
cal case weigh from 800 to 2000 g in- 
stead of the normal weight of 300 to 
500 g. Anatomically the disease con- 
sists principally of a diffuse mesenchy- 
mal proliferation in the lung. The 
bronchial and mediastinal lymph nodes 
are also enlarged. 

Other clinical and laboratory charac- 
teristics of this disease are discussed in 
the present paper. No indication was 
obtained in these studies that the dis- 
ease is primarily a metabolic or nutri- 
tional disorder. 

The etiology of maedi is not known, 
although a virus infection is suspected. 
No serological tests are available to dis- 
tinguish it from or identify it with other 
diseases of sheep lungs. 

In the absence of such definite etio- 
logical information it seems futile to 
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discuss at the present time the possible 
relationship of maedi to other lung 
diseases of sheep. We want to point out, 
however, that typical cases of infectious 
adenomatosis or jaagziekte, which is a 
well known disease of sheep lungs oc- 
curring in this country and elsewhere, 
are distinctly different from maedi both 
anatomically and as regards the clinical 
picture. 
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IMMUNIZATION AGAINST SALMONELLA INFECTION IN A 
BREEDING COLONY OF MICE 


F. G. 


CARNOCHAN AND C. N. W. CUMMING 


From Carworth Farms, Inc., New City, New York 


An attempt was made to determine 
the effect of immunization in two colon- 
ies of breeding mice against an epizootic 
of Salmonella enteriditis. The mice were 
of CFW 


susceptible to 


strain, which is extremely 


salmonella infections. 
Mortality is nearly 100% and the carrier 
incidence is low. All mice were bred in 
room 2, described later, removed to a 


distant room at weaning time (17 to 


24 days of age), and stored there until 
returned to the experimental rooms as 
breeders at 8 to 10 weeks of age. 


MATERIALS AND METHODS 


rhe organism, which had caused an epizootic 
in one colony, was identified by the New York 
Salmonella Center as Salmonella enteriditis and 
given the culture number 4185. The MLD by in- 
traperitoneal injection was determined to be 500 
or less organisms. 

The bacterin used was Typhoid Combined 
Vaccine (TCL),* containing Eberthella typhosa, 
Salmonella paratyphi, Salmonella — schott- 
This preparation was suggested as it 
contained the somatic antigens for group B and 
D salmonellae. It was also suggested that mini- 
mal doses be used in the attempted immuniza- 


and 
muelleri. 


tion. Accordingly, the individual dose was set at 
1/10 ml of a 1:1000 dilution of the original vac- 
cine, giving a dose of 100,000 typhosa, 50,000 
paratyphi and 50,000 schottmuelleri. Two intra- 
peritoneal doses were given one week apart, and 
one week later the mice were removed from stor- 
age to the experimental room, at 8 to 9 weeks of 
age. Experiments with limited numbers of ani- 
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* Commercial bacterin supplied through the 
courtesy of American Cyanamid Co., Lederle 
Laboratories Div., Pearl River, N. Y. 


mals showed that the bacterin at this level did 
not protect against the organism 
troduced intraperitoneally. 

The experiment was conducted in two rooms, 
numbered 2 and 3, which were physically identi- 
cal in every respect; each had one outside wall 
with the same exposure; air supply and heat were 
delivered through a common duct which divided 
outside the rooms and entered each room at the 
same point; a single thermostat controlled the air 
temperature. The interior fittings were identical, 
consisting of four racks, each holding 120 boxes. 
Each box held a family group of five females and 
one male, giving a total of 720 mice to a rack. 
The control groups, each 720 animals, were 
placed on the rack along the north wall of each 
room. The other three racks were filled with the 
treated mice. 

The final arrangement of animals in each room 
was as follows: 


Room 2 


1 rack: 720 untreated animals (group A, con- 
trol); replacements of dead animals were 
marked for identification and treated (group 
B, experimental) 

3 racks: 2160 treated animals (group C, ex- 
perimental); replacements of dead animals 
marked and treated (group D, experimental) 


Room 3 


when in- 


1 rack: 720 untreated animals (group E, con- 
trol); replacements of dead animals marked 
and us.treated (group F, control) 

3 racks: 2160 treated animals (group G, ex- 
perimental); replacements of dead animals 
marked and treated (group H, experimental) 


There was, however, a difference between the 
two rooms, the importance of which was not 
realized at the time and that was the way in 
which they were established. Room 2 was the 
room in which the disease was in severe epizootic 
form at the time the experiment was started. To 
preserve the epizootic until the experimental 
arrangement was completed, this room was re- 
duced to a single rack of untreated mice which 
later became control group A. As large blocks 
of the remaining untreated mice were removed, 
the space which they had occupied was thor- 
oughly cleaned, the shelves washed with a 
chlorine solution (1000 parts per M), and after 
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one week the space was filled with treated mice 
in clean boxes, group C. The older mice in the 
untreated control block were gradually replaced 
by young mice from the reserve pool so that all 
mice in the room were approximately the same 
age. This process started the last week in Janu- 
ary, 1948, and the room was finally completed 
the third week in March. As a result of these pro- 
cedures, room 2 was never completely evacuated, 
and some infected mice remained there at all 
times. 

Room 3, in which the epidemic had been mild, 
on the other hand, was completely evacuated of 
all mice, thoroughly cleaned, and disinfected be- 
fore any mice were returned to it. The mice placed 
on the control shelf, group E, were some of those 
removed from room 2 during the “‘setting’”’ of that 
room. They were placed in room 3 the second 
week in February and the room was completely 
“set”’ the third week in March. Each room had a 
separate attendant who was not permitted to 
enter any other room. This room then was com- 
pletely cleaned and free of mice prior to the ex- 
perimental arrangement. 

Presence of the disease in both rooms was de- 
termined by fecal cultures from the control boxes, 
and heart blood and spleen cultures from ran- 
domly selected mice. Throughout the experiment, 
random cultures were taken from time to time to 
be sure that the disease was present, especially 
in room 3. Each group of cultures from the con- 
trol mice of both rooms showed positives. For all 
mice in room 2 this condition persisted to the end 
of the experiment, but in room 3, as the work pro- 
gressed, the number of positives in each lot of 
cultures gradually diminished; and after the end 
of April, nearly all of the culture groups from the 
treated animals were entirely negative. 
which were re- 
corded the total number of dead original mice 


The records were cards on 


“set up,” the number of replacement mice in- 
troduced into the boxes, and the number of these 
which died. There was also a column for the num- 
ber of mice which were missing from the boxes 
(possible escapes). These last proved to be so 
few that they were included in the final totals as 
deaths. The sexes were accounted for separately. 
All recording was by calendar weeks. Separate 
cards were kept for each block of ten boxes (60 
mice) so that position effects, if any, in the rooms 
might be noted. At the close of the experiment, 
the records were analyzed statistically. 


EXPERIMENTAL RESULTS 


No position effects were noticed ex- 
cept at the start while the rooms were 
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being set. In room 2 it was noted that 
deaths were very few in newly set 
blocks for the period preceding the first 
parturitions (three to four weeks). At 
this time, deaths occurred in large num- 
bers in both groups, and this wave of 
deaths followed the blocks of mice 
moved into the room. The female death 
percentage greatly exceeded the per- 
centage of male deaths in this first wave. 
After the entire room had passed this 
period, there was no significant differ- 
ence between any of the blocks, or com- 
bination of blocks the 
sexes. In room 3, where the death rates 


nor between 
were low, no position effects were noted, 
and there was no evident increase in 
the number of deaths during the period 
of first parturitions. The data presented 
on death rates start at the time when 
all the animals in the rooms had passed 
this period. 

An unexpected result of the treat- 
ment was the great improvement in 
the appearance and viability after wean- 
ing of the young mice produced by the 
vaccinated breeders. This was true of 
both rooms. 

The total death rates for room 2 from 
April 5 to June 28th are presented in 
table 1. The death rate expressed as a 
percentage, essentially the ratio of 
deaths within the week and the number 
alive at the beginning of the week, is 
shown graphically to July 19th in figure 
1. No significant difference was noted in 
the trend of the data up to June 28th 
between the vaccinated and the un- 
vaccinated animals whether analyzed 


by chi square analysis or in terms of 
t ratio. After that date the curves di- 
verge sharply, indicating a differential 


death rate between the two groups. 
During the period following June 28th 
however, the room was being “taken 
down,”’ and during the weeks beginning 
July 5 and 12th, 19 original unvacci- 
nated animals out of a total of 182 
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TABLE 1.—Comparisons of deaths in room 2. 


Comparison Group Period Survivors Died Total b.. A Chi-square 


A. l Invace. original 45 
6-28 182 538 75 


B. Vacc. replace 45 
29 

A. Unvacc. original 

C. Vacc. original 

C. Vacc. original 

D. Vacc. replace. 

B. Vacc. replace. 


D. Vacc. replace. 


* Exceeds the 0.1% level of significance. 
t Not significant 


were removed from the room. During The death rates for the replacements 
the week of July 19th, 34 out of 76 in both groups, if the series are compared 
unvaccinated and 27 out of 509 original from their respective origins, are very 
vaccinated animals were removed. It similar (fig. 2). An interesting com- 
will be seen that the trends of the curves parison is that between the unvacci- 
had been established by these dates. nated originals and the vaccinated 


Room. 2: Original Mice, Groups Aand C 





—_—— Unvaccinated 
——-—=—~ Vaccinated 


Percent Deaths 








Sa a = SS = | ‘8 = 
4-5 4412 419 4-265-3 5410 517 5-24 5-316-7 644 62162875 7i2 T19 


Date 


Fic. 1.—Deaths of original mice, groups A and C; room 2. 
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Room 2: Replacement Mice, Groups B and D. 





——=——=Voccinated Replacements for 
Vaccinated Originais 
Vaccinated Replacements for 
Unvacecinated Originais 


Percent Deaths 








es Se ey ee ee ee ee 
45 412 419 426 5-3 510 5-17 5-24 5-31 6-7 614 621 6-28 7-5 712 


Date 


F 1G, 2.—Deaths of replacement mice, groups B and D; room 2. 





replacements for this group. The death are considered as independent observa- 


tions, the application of the ¢ test to the 
and rises sharply (fig. 3) after June 21st, pairings of nonvaccinated originals and 


rate in the former is consistently higher 


while the rate for the latter remains 
rather constant and significantly lower. 
If these death rates from week to week 


vaccinated replacements yields a sig- 
nificant difference in favorof the vaccina- 
tion. No such significant difference is 


Room 2: Unvaccinated Originals and Vaccinated 
Repiacements. Groups Aand B. 





Unvaccinated Originals 
——— Vaccinated Repiacements 


oe = 
on oO 


Percent Deaths 
— 
oO 








1 l i 4 lL 1 1 1 1 
4-5 412 419 426 53 540 S17 524 5-31 6-7 614 6-21 6-28 
Date 


Fic. 3.—Deaths of unvaccinated originals and vaccinated replacements, groups A and B; room 2. 
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TABLE 2.—-Comparisons of deaths in room 3. 


Comparison Group Period 


E. Unvace. original -5 
23 


G. Vacc. original 


E. Unvacce. original a 


J 
23 
5 
1 


? 


F. Unvacc. replace. 5 
12 


G. Vacc. original 5 
i 


H. Vacc. replace. 


* Exceeds the 5% level of significance. 


obtained by similarly pairing the vac- 
cinated originals and their vaccinated 
replacements. 

The data presented in table 2 demon- 
strate the large difference between room 
3 and room 2. The weekly death rate is 
consistently below 1.5% in room 3 for 
the original groups, and the difference 
the vaccinated and unvac- 
cinated mice is statistically significant 
(chi square or ¢ test analysis) in favor of 


between 


Survivors 


Percent 


Died Total mortality Chi-square 


11.0 


vaccination (fig. 4). The bacterin de- 
creased the death rate although condi- 
tions for survival were good in the room. 
Since so few deaths occurred among the 
replacements, that one death may be 
disproportionately large, statistical an- 
alysis was not undertaken. It was noted, 
however, that the unvaccinated replace- 
ments, group F, died more frequently 
than the vaccinated ones, H, 
8.85 and 2.2%, respectively. 


group 


Room 3: Original Mice, Groups E and G 





Unvaccinated 
——— Vaccinated 


Pencent Deaths 


J 








mie 





A-5 4-12 4-419 4-26 5-3 S10 5-17 5-24 531 


6-7 6-14 6-21 6-28 T-5 7-12 7-19 7-26 8-2 8-9 8-16 
Date 


Fic. 4.—Deaths of original mice, groups E and G; room 3. 
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A comparison of the death rates be- 
tween the two rooms indicates that the 
method of withdrawing young mice at 
weaning time to a separate room is 
efficient in preventing spread of infec- 
tion, since all mice used in both rooms 
were produced by the unvaccinated 
mice in room 2, which had an appalling- 
ly large death rate, and were selected 
at random for return to the rooms. The 
death rates in the unvaccinated groups 
for a comparable period of time (ten 
weeks) were: room 2, 58%, room 3, 4%. 

During the course of the work with 
TCL two other vaccines were tested in 
a limited number of animals. One was a 
bacterin (TE),* made with phenol- 
killed organisms of Salmonella Center 
culture #4185 of S. enteriditis, the or- 
ganism infecting the mouse colony, and 
culture #3703, S. typhimurium, derived 
from pigeons. This was prepared to con- 
tain 1000 million of each of the two or- 
ganisms per ml. The dosage was 1/10 ml 
of a 1:1000 dilution, and two intraperi- 
toneal doses were given one week apart. 
The second was a Bacterial Antigenic 
Complex (BAC)f of the same organ- 
isms. The titer of this preparation was 
computed on a total nitrogen basis, and 
a dose equal in total nitrogen to the TE 
dose was given intraperitoneally on the 
same schedule. Because of the small 
groups used in these tests, complete 
statistical analysis was not attempted. 
However, both vaccines were consist- 
ently better than TCL, and the death 
rate when TE was used was slightly and 
consistently lower than the BAC rate, 
though not significantly so. 

Since the experiment was concluded 
all CFW breeders in our colony have 


* Supplied through the courtesy of American 
Cyanamid Co., Lederle Laboratories Div., Pearl 
River, N. Y. 

+ Supplied through courtesy of 
Laboratory, Paterson, N. J. 


Hoffman 
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had two doses of TE, 500,000 of each 
organism to the dose. The death rate 
has been consistently at the level of the 
room 3 experimental mice. 


DISCUSSION 


The experiments of Topley and others 
(reviewed in Topley and Wilson, 1946) 
showed that mice immunized against 
salmonella by intraperitoneal infection 
of a bacterin killed by formalin and heat 
did not produce a high degree of resist- 
ance to the intraperitoneal infection of 
a lethal dose of live salmonellae. Our 
findings in this case were identical using 
a phenol-killed bacterin. Webster (1937) 
however, informed us that phenol or 
heat-killed bacterin gave a much higher 
degree of immunity than _ formalin- 
killed. Topley found that for immunized 
animals introduced into a group of non- 
immunized only a short extension of life 
had been produced by the immuniza- 
tion. The graphs shown in figure 3 indi- 
cate that this was not the case with the 
particular strain of mice with which 
we were working. According to Gowen 
(1950), the heredity of the mice has a 
large bearing on the amount of resist- 
ance attained; the more resistant the 
strain is to begin with, the higher the 
immunity reached. Perhaps the dis- 
crepancy between our results and that 
of Topley is explainable on this basis, 
and that Topley was working with an 
extremely susceptible group. The height 
of the over-all death rate in room 2 is 
probably due to the massive infection 
to which these mice were subjected, and 
the differences in death rates in room 3 
more closely indicate the true measure 
of the effectiveness of the immunization 
where the dosage of pathogens to which 
the mice are exposed is small. An inci- 
dent occuring in room 3 a year after 
experiments where completed indicates 
that this opinion is correct. A box ap- 
peared in which every mouse had severe 
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typhoid. The week following its re- 
moval, the disease appeared in four 
adjoining boxes. Following removal of 
those, no further cases have been ob- 
served and fecal tests have been nega- 
tive. Invariably prior to our use of 
immunization, when mouse typhoid had 
started to travel from box to box, an 
epidemic, mild or severe, followed. 


CONCLUSIONS 


1. Room differences and all that these 
connote are highly significant as regards 
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death rates in a colony suffering from 
an epizootic. 

2. Despite the minimal dosage of the 
vaccines administered, beneficial effects 
are noted in that the death rates were 
reduced. 
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The effective treatment of human 
brucellosis remains an unsolved prob- 
lem. The disease is difficult to diagnose, 
characterized by spontaneous remis- 
sions and, while not rare, is usually of 
such limited occurrence as to preclude 
the inclusion of controls in any thera- 
peutic trial. These circumstances have 
led to the development of a consider- 
able body of literature claiming thera- 
peutic efficacy for many forms of treat- 
ment which have later proved ineffec- 
tive. Eisele (1950) has ably summarized 
the literature, concluding that treat- 
ment with a combination of sulfadia- 
zine and streptomycin offers the great- 
est promise. and McCullough 
(1947) have set forth criteria for choos- 


Eisele 


ing cases of brucellosis for evaluation of 
therapeutic measures which most of the 
published studies of clinical use of 
therapeutic agents regrettably fail to 
meet. It seems fair to observe that, ex- 
cept in very large groups of cases, fail- 
ure of treatment is more significant than 
success; since the majority of brucel- 
losis patients recover completely with 
only supportive treatment, failure of a 
drug to terminate the disease in a few 
cases despite apparent success in others 
should give rise to skepticism. 

In view of these difficulties, recourse 
must be had either to in vitro tests or 
to animal experiments. The former seem 
of little value because of the number of 
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agents to which brucellae are sensitive 
in the test tube but which have proven 
to be of little value in treatment of the 
disease. Testing in experimental animals 
appears to offer more promise but here 
again the problems are manifold. The 
large numbers of animals to be housed 
for long periods strain the facilities of 
the ordinary laboratory. Secondly, the 
criteria to be adopted for success or 
failure of treatment are difficult to for- 
mulate. In the present work, inability 
to recover the invading organisms was 
selected as the criterion of cure. The 
validity of this standard will be dis- 
cussed below, but it may be noted here 
that the absence of organisms is not 
easy to establish with certainty: the se- 
lection and treatment of tissues to be 
cultured and the medium and condi- 
tions of cultivation may all affect the re- 
The time between the end of 
treatment and sacrifice may also influ- 
ence the outcome. 

These considerations explain 
certain discrepancies which have ap- 
peared in the literature, although in 
some cases dosage levels, route and time 
of administration of the therapeutic 
agent, strain, virulence and dose of the 
infecting organism, and susceptibility 
of the host animal may also bear upon 
the results. Thus Live et al (1946) found 
streptomycin to be of value in reducing 
the percentage of infected guinea pigs 
yielding Brucella abortus after treat- 
ment, whereas Holm and McNutt 
(1949) found no effect from this anti- 
biotic. The guinea pigs used by the lat- 
ter investigators were infected with 
larger numbers of organisms and treated 
with smaller doses of antibiotic. Work- 
ing with Brucella Kelly 


sults. 


may 


suts, and 
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Henley (1947) and Carle and Larson 
(1950) found streptomycin to be with- 
out effect. Similarly, Heilman (1949) 
found combined aureomycin-dihydro- 
streptomycin treatment more effective 
than streptomycin-sulfadiazine in re- 
ducing the number of organisms in the 
spleens of mice infected with Br. abortus 
or suis. Holm and Moore (1950), study- 
ing the same combinations in Br. abortus 
infection of pigs, found the 
streptomycin-sulfadiazine combination 


guinea 


more effective. This type of contradic- 
tion is found throughout the literature 
on experimental brucellosis therapy. It 
is probably inevitable, as each group of 
workers must choose experimental con- 
ditions which in their judgment seem 
most suitable, but it renders even more 
difficult the extrapolation from experi- 
mental animal to human. 

The guinea pig is the animal of choice 
for therapeutic studies in the opinion of 
most investigators because the human 
disease is more closely simulated in this 
species than in any other readily avail- 
able animal. The relatively large quanti- 


ties of drugs and amount of space re- 


host 
search 


however, 
suitable 
smaller animal, and the selective toxic- 


quired for this have, 


stimulated a for a 
ity for guinea pigs of many antibiotics 
(penicillin, aureomycin, Chloromycetin) 
may make this of more urgency. In the 
work to be reported, representative ex- 
periments using embryonated eggs or 
white mice are cited, but for,the bulk of 
the work guinea pigs were employed. 


METHODS 
Mediums 


Tryptose agar (Difco) prepared as directed or 
modified by the addition of dextrose, FeSO,, and 
(McCullough et al, 1947) used 
throughout for the cultivation and isolation of 
the organism. Tryptose saline (0.1% Bacto 
tryptose and 0.5% NaCl) was used as the sus- 
pending and diluting fluid. 


thiamin was 
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Strains of brucella 


The organism used for infecting experimental 
animals was Br. suis. The first strain used, 
designated S1, was a subculture of a strain 
furnished through the courtesy of Dr. I. F. 
Huddleson of Michigan State University, and 
labelled by him 1772-A. Its virulence declined 
after several years, and strain PSIII, obtained 
through the kindness of Dr. L. M. Hutchings of 
Purdue University, was substituted. This strain 
or a smooth clone derived from it (PSIIIk) was 
used in the remainder of the work. All strains 
were maintained on tryptose agar with frequent 
transfer of S1 and infrequent transfer of PSIII. 


Strains and maintenance of host animals 


White Swiss mice from a colony originally 
derived from a Webster strain were used. They 
were kept on wood shavings in Monel metal 
cagés and fed commercial mouse diet and tap 
water ad libitum. The mice weighed 16 to 20 g 
at the start of the experiments. Except where 
specified, guinea pigs were of mixed stock. In 
general, they weighed 350 to 450 g at the start of 
the experiments. They were maintained in cages 
similar to those used for mice and were fed com- 
mercial rabbit diet, carrots, and either green food 
or water containing ascorbic acid. 


Preparation of infecting doses 


The growth from a 24- or 48-hour agar slant 
was suspended in tryptose saline and diluted in 
the same menstruum to yield the desired dose in 
0.1 or 0.2 ml. Pour plates were made of ap- 
propriate dilutions in order to determine the 
actual dose given. The organisms were injected 
subcutaneously in the right groin except that in a 
few of the guinea pig experiments the intra- 
cutaneous route was used. 


Autopsy technique 


a. When serologic studies were to be done, the 
animals were bled under chloroform anesthesia. 
They were then sacrificed, portions of the spleen, 
liver, and the precrural lymph node were re- 
moved aseptically and triturated in tryptose 
saline, and aliquots of the resulting suspension 
were spread on the surface of agar plates. These 
were incubated for 72 to 96 hours at 37 C and 
examined for the presence of Br. suis colonies. 
Doubtful colonies were checked by the slide 
agglutination technique. 

b. Agglutinin titers were determined in the 
serum by means of a tube agglutination test using 
the Army Medical School tube antigen. 





THERAPY OF EXPERIMENTAL BRUCELLOSIS 


Administration of therapeutic agents 


a. Sulfadiazine was administered mixed with 
the food. For treatment of mice, the mouse 
pellets were ground and mixed with 0.5% (by 
weight) sodium sulfadiazine, then moistened with 
water and refashioned into cakes. This procedure 
was impracticable for the large quantities of food 
required for guinea pig experiments. For this pur- 
pose, a suspension of sulfadiazine in 95% alcohol 
was sprayed onto rabbit pellets in sufficient 
quantity to yield a final concentration of 2% 
(by weight) of the food. At the start of treatment 
in all experiments, the animals were given one or 
two subcutaneous injections totalling 75 to 150 
mg of sodium sulfadiazine per guinea pig or 5 mg 
per mouse in order to raise the blood level 
quickly. 

b. Streptomycin sulfate (Pfizer) was dissolved 
in sterile distilled water and administered sub- 
cutaneously. The daily dose for mice (1200 
ug/mouse/day, approximately 60 mg/kg) was 
divided into eight portions given at three-hour 
intervals. Guinea pigs received the antibiotic at 
intervals of three, four, or six hours; the dosage 
level was high, starting in most experiments at 
160 to 180 mg/kg/day, which, except in the last 
experiment, was cut to 120 to 140 mg/kg/day 
after about 10 days of treatment. 

c. Chloromycetin (Parke, Davis & Co.) was 
given either by forced feeding or by simultaneous 
subcutaneous and oral administration. For forced 
feeding the drug was suspended in propylene 
glycol and administered by means of a hypo- 
dermic syringe attached to a blunt needle which 
was inserted into the esophagus. The dosage was 
approximately 270 mg/kg/day in four doses 
daily. For subcutaneous injection the antibiotic 
was suspended in sterile 10% gum arabic, and a 
total of 50 mg/kg/day were administered in four 
In addition, 
pellets 


the animals ate ad 
containing 1% (by weight) 
Chloromycetin. The feed was prepared by sus- 


doses daily. 
libitum 


pending the antibiotic in a 35% aqueous solution 
of dextrose and moistening the pellets with the 
mixture (Feldman and Hinshaw, 1945). 

d. Aureomycin (Lederle intravenous) was 
given either intraperitoneally or by the forced 
feeding method described for Chloromycetin. For 
intraperitoneal administration the drug was dis- 
solved in the leucine diluent supplied by the 
manufacturer until it became obvious that the 
animals were in great discomfort after injection. 
\ phosphate buffer, pH 7, was therefore sub- 
stituted for the highly alkaline leucine solution. 
The volume administered per dose was simul- 
taneously increased from 0.2 to 0.5 ml without 


changing the quantity of drug administered (20 


251 


mg/kg/day). The phosphate buffer was also used 
in preparing the solutions for forced feeding. The 
same dosage was used, but it was given in only 
two doses per day instead of four, as in the ani- 
mals treated intraperitoneally. 

e. Terramycin hydrochloride (Chas. Pfizer & 
Co.) was dissolved in distilled water, neutralized 
with NaOH, and administered subcutaneously in 
two doses daily of 0.2 ml each. Details of dosage 
are given in the description of the experiment in 
which it was used. 

f. Neomycin sulfate (Upjohn Co.) was dis- 
solved in sterile distilled water and administered 
subcutaneously in three doses per day totalling 
50 mg/kg. 

g. Immune serum (Sharpe and Dohme Lyovac 
Antibrucella serum) was reconstituted with 
sterile distilled water and administered intra- 
peritoneally. 

Drug screening in embryonated eggs 

Nine- to 11-day embryos were infected via the 
yolk sac with 1X10* to 110° organisms of Br. 
suis S1. This sufficed to kill 50% of untreated 
embryos within two to four days. The drugs were 
usually given just after infection or mixed with 
the organisms immediately before injection. 


RESULTS 

Attempts were made to assay drugs 
by methods other than the guinea pig 
test, and a few of these will be reported. 
The in vitro test was soon abandoned in 
favor of in vivo methods because most 
of the commonly employed antibac- 
terial agents inhibited the growth of 
Br. suis in rather low concentrations 
but proved ineffective in vivo. In all of 
the investigations in vivo an attempt 
was made to favor the drugs, in order 
that the potentialities of any therapeu- 
tic agent might not be overlooked. This 
was accomplished by the use of small 
numbers of organisms to infect the host 
and by early treatment with rather 
high doses of the drug under test. 

In an effort to develop a test which 
would be more selective than the test 
tube method yet more rapid and eco- 
nomical than the guinea pig test, the 
embryonated hen’s egg, of which others 
(Jones et al, 1944; Metzger et al, 1942; 
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ABLe 1.—The effect of streptomycin on 


murine brucellosis. 


Mice sacrificed 2 
weeks after end 
of therapy 


Mice sacrificed at 
end of therapy 
Treatment 
Infection Percent 
ratio positive 


Infection Percent 
ratio*® positive 


Streptomycint 
) hr. 7/50 14 26 61 

Controls 27/43 63 40 33 

StreptomycinT 
48 hr 


23/34 OR 35 26 
Controls 2 


10 /20 50 29 


* Positive cultures /total cultured. 
+ 1200 ug /mouse /day in 8 doses at 3-hour intervals. 


Shaffer and Spink, 1948) have made use 
for screening of antibrucellar drugs, was 
the first system used. Under the condi- 
the therapeutic 
agents used (sulfonamides, streptomy- 


tions of test most 
cin, atabrine, promine) prolonged the 
life of the embryos to hatching time. 
In some cases administration of drug 
was withheld up to 48 hours after infec- 
tion. This decreased the sensitivity of 
the test considerably, and it is possible 
that by such adjustment of the condi- 
tions a satisfactory screening system 
could be developed. Results were not, 
however, readily reproducible, and fur- 
ther work would be required before the 
test could be designed to give results 
compatible with those of other testing 
methods. 

mice also 
employed as alternative to the guinea 


Infections in white were 
pig method. The doses of organisms re- 
quired to produce 100% infection of un- 
treated controls in these animals were 
so large as to constitute too severe a test 
for the drugs (Spencer and Kelly, un- 
published). A transitory infection could, 
however, be established in 80 to 90% of 
the animals by the use of moderate in- 
fecting doses (approximately 1X 10° or- 
ganisms of the Br. suts S1 strain). This 
is useful for the testing of drugs such as 
penicillin, to which guinea pigs are in- 
tolerant, and has the advantage of re- 
quiring relatively small quantities of 
drug. The experiment to be presented is 
in example of the use of this technique. 


Streptomycin in murine brucellosis 


In a test of the efficacy of streptomy- 
cin, four groups of mice were infected 
with about 110° organisms of the S1 
strain of Br. suis. One group was given 
streptomycin immediately after infec- 
tion, while treatment was started in 
another group 48 hours after infection. 
Treatment was continued for ten days. 
The two remaining groups served as 
controls. Twenty-four. hours after the 
end of treatment one-half of the animals 
were sacrificed and cultures made of the 
spleens. The remaining animals were 
sacrificed 14 days after the end of treat- 
ment. The 
table 1. 

In the animals left untreated for 48 
hours the drug had no effect. In the 
mice treated immediately, the infection 
was suppressed but within two weeks 
had begun to assert itself, while the un- 
treated control mice had begun to re- 
cover. 


results are summarized in 


Therapy of cavine brucellosis 


Because of the many claims (Pulaski 
and Amspacher, 1947; Eisele and Mc- 
Cullough, 1947; Spink et al, 1947 and 
1949) for sulfadiazine and streptomycin, 
alone or in combination, as effective 
agents for the treatment of human bru- 
cellosis, the bulk of the work in guinea 
pigs to be reported concerns these two 
compounds. As the newer antibiotics 
have become available they have also 
been tested, although some of these are, 
like penicillin, toxic for guinea pigs, 
which made the tests unsatisfactory. 
Some work on immune serum is also in- 
cluded. In all experiments treatment 
was started within three weeks after in- 
fection and, in most cases, continued 
for two weeks. When possible, one-half 
of each treated group was sacrificed at 
the end of treatment, and the remainder 
one month later, in order to detect the 
occurrence and the permanence of any 
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TABLE 2. 


Postinfective 
day treatment 
Starte 


Therapeutic 
agentT 


Sulfadiazine 


Immune serum 
Sulfadiazine and serum 
None 


* Number infected /number cultured. 
+ Administered for 30 days. 

t Lymph nodes not cultured 

§ After end of treatment. 


tendency of the drug to arrest the course 
of the disease. In several experiments, 
intercurrent infections in the animal 
colony made it necessary to sacrifice the 
animals at the end of treatment. 


Sulfadiazine, streptomycin, and im- 
mune serum in cavine brucellosis 


The protocols and conditions of the 
individual experiments differed so little 
that the results of each type of treat- 
ment can be pooled. Sulfadiazine was 
administered for 30 days in some experi- 
ments and 14 days in others, and since 
the effects of the two forms of treatment 
differed considerably, they 
sented separately. 


are pre- 

In the two experiments, sulfadiazine 
was administered for 30 days; in the 
first, treatment started at 0, 8, or 15 
days after infection, in the second at 11 
days. The second experiment included 
two additional groups, one treated with 
immune serum and one with both serum 
and sulfadiazine. The results are 
forth in table 2, from which it is ap- 
parent that treatment with sulfadia- 
zine early in the course of the disease 


set 


succeeded in suppressing detectable evi- 
dence of brucellosis, and this was con- 
firmed by the gross pathologic appear- 
ance the at autopsy, but 
within a few weeks after the end of 
treatment the disease became evident. 
Delaying treatment for several days, on 
the other hand, resulted in a lower per- 


of tissues 


1 week § 


Effect of sulfadiazine and immune serum on cavine brucellosis. 


Infection ratios* at time of sacrifice 


4 weeks§ 





Percent Percent 
0 15 100 
5 20 40 
25 3/21 62 
/18 39 
100 
9/20 45 
838 


after treatment. 
Immune serum, which was used in one 
experiment, proved ineffective by itself 
but slightly decreased the incidence of 
‘relapse’ when added to sulfadiazine 
treatment. 


centage of ‘“‘relapses’’ 
4 


In the second of these experiments, 
five animals from the sulfadiazine- 
treated group and five control animals 
were sacrificed every five days during 
the period of therapy to obtain data on 
the progress of the infection under the 
influence of sulfadiazine. The findings 
are presented in table 3, which shows 
that the greatest effect of sulfadiazine 
as indicated by cultural and serological 
studies occurred during the first 15 days 
of therapy. The rapid reduction of re- 
coverable organisms in the spleen and 
liver under sulfadiazine treatment is of 
interest. In only one of the 15 animals 


TABLE 3.—Progvess of Br. suis infection in guinea 
pigs during treatment with sulfadiazine. 


Time 
after 
infection 
(days) 


Positive culturesf Pasitive 
 Ticer agglutinin 
titert 


Days - — 
treated* Lymph Spleen Liver 
node 


8 3/5 2/2 4 


4 
S/S 5/5 
5/ 5/5 


10 


0 
15 


32 0 3/3 4/ 
32 21 5/5 o/s 0 


* Animals treated from 11th postinfective day. 
t Number positive /total cultured. 
t Agglutination at a dilution of at least 1: 100. 
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sacrificed at ten or more days of therapy 
could organisms be isolated from these 
organs, although Br. suis persisted in 
the lymph nodes through 21 days of 
treatment. 

The results of five experiments in 
Which streptomycin, sulfadiazine, and 
immune serum were used alone or in 
combination are presented in table 4. 
Sulfadiazine was given for only 14 days 
in an attempt to reduce its effectiveness 
so that additive or synergic effect of the 
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with the combination) yielded positive 
cultures. This group is not represented 
in table 4 but is noteworthy because it 
indicates that the interval between in- 
fection and autopsy usually used for de- 
tecting ‘“‘relapses’’ (four weeks) 
have been insufficient. 


may 


Other antibiotics 


In two of the experiments represented 
in table 4, Chloromycetin (forced feed- 
ing or by the subcutaneous and oral 


TABLE 4.-—Effect of sulfadiazine, streptomycin, and immune serum on cavine brucellosis. 


Infection ratios § 





Therapeutic 


> > 
agent! Early treatment 


Late treatment* 





Early Sacrificet 


Percent 
93 21/21 
10/10 


24/26 


Streptomycin 

Serum 

Sulfadiazine 

Sulfadiazine and 
streptomycin 

Sulfadiazine and 
serum 

None 


28/30 
18/20 90 
25/31 81 
18/39 46 7/22 
16/20 80 
29/32 91 


10/10 
19/19 


Late Sacrificet 


Early Sacrificet 


Late Sacrifice t 


Percent Percent 
100 28/30 93 
100 
92 13/19 68 


32 15/31 48 


100 
100 


Percent 
91 


21/23 
19/23 83 
16/43 37 


43/43 100 30/39 


* Early treatment started 10 to 12 days after infection; late treatment started 14 to 21 days after infection. 
+ Early sacrifice =less than 1 week after treatment; late sacrifice =2 to 4 weeks after treatment. 


t Administered for 14 days. 
§ Number positive /total cultured. 


other agents might be detected. It is 
apparent that under these conditions 
sulfadiazine alone was little more effec- 
tive than streptomycin. It may be seen 
that, like serum, streptomycin alone in 
the large doses used did not noticeably 
affect the course of the disease. Addition 
of serum treatment to sulfadiazine did 
not improve the results, but streptomy- 
cin combined with sulfadiazine ‘“‘cured”’ 
a fairly large proportion (65%) of the 
animals. In animals treated with this 
combination neither the time of initia- 
tion of treatment (ten to 21 days) nor 
the time of sacrifice after treatment 
(three to 31 days) significantly affected 
the outcome of the experiments. 

In one of these experiments, ten each 
of the animals treated with sulfadiazine 
alone or in combination with strepto- 
mycin were not sacrificed until seven 
weeks after the end of treatment. Of 
these 20 animals all but one (treated 


routes) was included, either alone or 
combined with sulfadiazine. A number 
of guinea pigs died, apparently as the 
result of the treatment, but in the sur- 
vivors the antibiotic appeared to have 
had no beneficial effect. Aureomycin 
administered intraperitoneally was used 
in the second of these experiments, but as 
used it killed the majority of the animals. 

The final experiment (table 5) in- 
cluded tests of the efficacy of lower 
doses of streptomycin (Holm and Mc- 
Nutt, 1949) and of the effect of adding 
aureomycin to the sulfadiazine-strepto- 
mycin treatment, and in the same ex- 
periment terramycin and neomycin 
were given preliminary trials. This ex- 
periment is recorded separately because 
of the complexity of the protocol, but 
it may be noted that the animals treated 
with streptomycin and sulfadiazine, 
alone or together, are also included in 
table 4. 
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Guinea pigs of the ‘‘Hartley”’ strain 
were infected subcutaneously with 65 
organisms of the PSIIIk strain of Br. 
suis. The animals were to have been 
treated from the 14th to the 28th post- 
infective days with various drugs as 
shown in table 5. Terramycin was so 
poorly tolerated that the dosage (ini- 
tially equivalent on a weight basis to a 
high human dose) was reduced on the 
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treatments tested, the combination of 
streptomycin, aureomycin, and _ sulfa- 
diazine was the most effective. No ani- 
mals receiving -this treatment showed 
evidence of active brucellosis when ex- 
amined one month after the end of 
treatment. The combination of terra- 
mycin and sulfadiazine appeared to ar- 
rest the disease temporarily, reducing 
the proportion of animals positive for 


TABLE 5.—Effects of various antibiotics, alone and in combination, on 
B. suis infection in guinea pigs. 


Treatment 
days (after 
infection) 


Nu 
Group of 


Drug and dosage /day* 
animals 





29 Terramycin, 20 mg}j 
29 Terramycin, 10 mgT 
30 Terramycin, 10 mgt+sulfa- 
diazine 
20 Sulfadiazine, 2% of food 
14 Streptomycin, 160 mg +sulfa- 
iazine 
Streptomycin, 40 mg +sulfa- 
diazine 
Streptomycin, 40 mg +aureo- 
mycin +sulfadiazine 
Aureomycin, 20 mg 
9 20 Neomycin, 50 mg 
10 20 Untreated controls 


14-24 
14-24 


14-24§ 
14-28 


14-28 
6 29 
14-28 
7 20 
14-28 
14-28 
14-28 


8 10 


*“*Mg”’ refers to mg/kg/day. 

+ Reduced to 5 mg on Sth day of treatment. 
t Number positive /total cultured. 

§ Sulfadiazine continued to 28th day. 


De 
- during 


3ist day] treatment 


Percent Percent 
$/12 42 67 
9/12 75 50 





2/13 15 80 
4/10 40 


29 
53 
0 
0 


$/10 100 
10/10 90 


} Reduced to 10 mg on Sth day of treatment and to 5 mg on 9th day. 


After infection. 


fifth day and treatment with this drug 
was discontinued after ten days. In 
most groups one-half the animals was 
to be sacrificed at the end of treatment, 
the remainder one month later. On the 
basis of previous experience this was 
considered unnecessary for group 5, and 
there was reason (Holm and McNutt, 
1949) to believe that in group 6 the 
number of animals yielding positive 
cultures would be so few that any dif- 
ference between this group and group 7 
would not be detectable. No animals of 
groups 5 and 7 and the aureomycin con- 
trol group 8, therefore, were included 
for sacrifice at the end of treatment. 
Unfortunately, most of the aureomycin 
controls died of intercurrent infection, 
and only two remained for sacrifice at 
the alloted time. 

It is apparent from table 5 that of the 


brucellosis to 15% at the end of treat- 
ment. Within the succeeding month, 
however, this percentage rose to 80. In 
varying degrees this phenomenon oc- 
curred also in groups 1, 4, and 9. Group 
2, receiving the low dose of terramycin 
alone, showed a high (75%) infection 
rate at the end of treatment, which ap- 
peared to decline during the subsequent 
holding period. Further investigation of 
this observation would be desirable. 
Whether the combination of aureomy- 
cin and streptomycin without sulfadia- 
zine would be as effective as the use of 
all three remains to be determined. 


DISCUSSION 


The results of the guinea pig tests 
show that combined antibiotic and sul- 
fonamide therapy is of value in the 
treatment of cavine brucellosis, as in- 
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dicated in the literature in the case of 
the human To that extent, 
these studies indicate that the experi- 
mental disease in guinea pigs may serve 
as a model for study of human brucel- 
losis. That important differences be- 


disease. 


tween the two diseases exist is, how- 
ever, also suggested. The high incidence 
(guinea pigs yielding nega- 
tive cultures) resulting from 30-day sul- 
fadiazine treatment has not been ob- 
tained by similar treatment of humans 
(Howe et al, 1947). 

Lack of information on the nature of 


of ‘‘cures’ 


these differences complicates selection 
of suitable conditions for testing and the 
formulation of criteria for success or 
failure of treatment. Even if these ques- 
tions could be satisfactorily answered, 
direct application of experimental re- 
sults to human treatment would remain 
difficult. Such factors as the relative 
native resistance of humans and of 
guinea pigs, their differential ability to 
develop immunity during the course of 
the disease, and the influence on the 
outcome of the human disease of previ- 
ous exposure to subinfective doses of 
brucella might still cause differences in 
the response of the two species. 

It is possible that the criterion used 
in this work (lack of recoverable or- 
ganisms in the tissues) is more rigorous 
than necessary. Humans can probably 
return to a state of apparent health 
with no objective or subjective signs of 
infection before the organisms have 
been completely eliminated from their 


tissues; this is indicated by the periods 


of well-being which often precede clini- 
cal relapse as well as by recent studies 
indicating that humans who have re- 
covered from brucellosis may carry bru- 
cella organisms with no sign of ill health 
(McVay et al, 1950). Absence of recov- 
erable organisms was, however, chosen 
for this work because it is possible that 
as long as the pathogen is present, the 
danger of relapse exists. On the other 
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hand, our criterion for relapse may not 
have been valid. The instance cited in 
which animals sacrificed seven weeks 
after therapy showed a high incidence of 
infection may indicate that a period of 
four weeks after the end of treatment 
was insufficient to detect relapses. 
These results have shown that the in- 
terval between infection and admini- 
stration of the therapeutic agent may 
influence the outcome in guinea pigs 
and mice (tables 1 and 3). In the case of 
treatment with streptomycin-sulfadia- 
zine this interval appeared to have no 
influence, but this may be due to the 
fact that the combined treatment was 
never used before the tenth postinfec- 
tion day. It would seem reasonable to 
suppose that the ability of the host to 
develop immunity may be a critical 
factor in this connection. A therapeutic 
agent administered too early may fail 
to eliminate the pathogen while sup- 
pressing the infection sufficiently to 
prevent a reaction by the host. The re- 
maining organisms may thus be able to 
multiply freely and establish disease 
after cessation of therapy. Withholding 
of treatment for too long may, on the 
other hand, result in failure of the drugs 
to reach organisms which may be pres- 
ent intracellularly or in walled off ab- 
scesses. The ideal time for initiation of 
treatment would undoubtedly vary 
among individuals, depending on their 
innate resistance, the size of the infect- 
ing dose, and the route of entry. These 
and other factors would likewise affect 
the ideal duration of therapy. Means 
for enhancing the development of im- 
munity in the host might be a useful ad- 
junct to treatment. The intermittent 
treatment method which has recently 
been suggested may have the same ef- 
fect by permitting repeated antigenic 
stimulus, though it, of course, involves 
unnecessary inconvenience to those pa- 
tients who would not have relapsed 
anyway and might result in selection of 
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drug-resistant strains. 

The embryonated egg and the mouse 
may prove satisfactory for drug screen- 
ing when more data are available on 
their correlation with clinical results. 
Selection of a suitable strain, age, and 
weight range of the mouse and an ap- 
propriate strain and dosage of infecting 
organism would undoubtedly improve 
the reliability of the tests. Until such 
data are available, the high natural 


resistance of mice and susceptibility of 


chick embryos render them suspect as 
hosts for infections and the 
guinea pig must remain the small ani- 
mal of choice. 


model 


that sulfona- 
mide-antibiotic therapy can terminate 
acute episodes in human _ brucellosis. 


It seems established 


Relapses do occur, however, and con- 
tinued investigation of modified or al- 
ternative treatment is needed. While a 
new drug may be found capable of ef- 
fecting complete cure, an attempt to 
influence the host response might be 
more immediately rewarding than con- 
tinued screening of antibiotics. For this 
purpose research in the therapy of ex- 
perimental brucellosis might profitably 
be directed toward the problems of 
standardizing the guinea pig test. Ad- 
justment of experimental conditions 
(e.g., virulence of infecting organism, 
time of sacrifice after the end of treat- 
ment) with a view to reproducing but 
not exceeding the partial success ob- 
tained in human treatment is a first es- 
sential, as have 
shown. The achievement of such stand- 


these experiments 
ardization would permit more intelli- 
gent investigation of additions or al- 
ternatives to the “standard” treat- 
ment. Methods for increasing the im- 
munity, the cellular response, or the 
hormone levels of the host would seem 
to be fruitful lines of approach. 


SUMMARY 


The combined use of streptomycin, 


257 


sulfadiazine, and aureomycin 
the most efficacious of 
ments in guinea pigs 
Brucella suis. 


proved 
several treat- 


infected with 


Difficulties in the way of applying re- 
sults in guinea pigs to human infection 
are discussed. 

The embryonated hen’s egg and the 
white mouse, under the conditions used, 
proved to be unsatisfactory hosts for 
experimental therapeutic studies. 
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immitis occurs in two 
different forms, depending upon its en- 
vironment. In the including 


man, this organism exists in the form of 


Coccidtoides 
animal, 


thick-walled spherules ranging in sizes 
from 2 to 120 w in diameter and char- 
acteristically reproduces by endosporu- 
lation. This form is generally referred 
to as the animal phase or parasitic 
stage of growth. The individual or- 
ganisms are referred to as sporangia or 
spherules. In or on artificial mediums, 
C. immitis exists in the so-called vegeta- 
tive or mycelial phase of growth, which 
is characterized by the development of 
a mycelium composed of hyphal ele- 
ments. Reproduction in this phase is ac- 
the development of 
branching filaments and arthrospores. 


complished by 


In the laboratory investigation of 
C. immitis, it is highly desirable to study 
the animal phase of this organism, but to 
date there has been no in vitro method 
developed whereby this organism grows 
exclusively in the animal phase. Several 
laboratory animals have been used for 
the growth of this phase of C. immitis 
but it is difficult to isolate the organism 
for study. Recently several preliminary 
reports in the literature have indicated 
that the embryonated egg 
was suitable for the development and 


chicken 


growth of large numbers of spherules of 
C. immitis. 
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In 1941, Moore! used the chorioallan- 
toic membrane of the developing chick 
embryo as a medium for the cultivation 
and histopathologic study of pathogenic 
fungi. In his evaluation of the growth of 
C. immitis, inoculations were made onto 
the chorioallantoic membrane of the 
egg. They were incubated at 33 C ina 
regular bacteriological incubator and 
were observed seven days after inocula- 
tion. Microscopically he observed a 
translucent, granular exudate which ap- 
peared in layers or striations on the ec- 
todermal surface of the chorioallantoic 
membrane. This contained C. immitis 
in various stages of development, with 
the formation of characteristic endo- 
sporulating cells of the parasitic stage 
of the fungus. The inoculated filaments 
were first converted into arthrospores 
and then into sphericle cells which en- 
larged and developed endospores. In 
seven days on the chick membrane the 
organism had shown a reversion to its 
parasitic role. Two photographs of the 
animal phase of C. immitis within the 
translucent, granular exudate were pre- 
sented. It was his feeling that this 
method held great investigative possi- 
bilities. 

In 1950, Burke? extended the evalua- 
tion of the culture of the animal phase 
of C. immitis in the embryonated egg 
not only in the chorioallantoic mem- 
brane but to include the embryo per se, 


1. Moore, M. 1941, The chorio-allantoic mem- 
brane of the developing chick as a medium 
for the cultivation and histopathologic study 
of pathogenic fungi. Am. J. Path. 17: 103-120. 

. Burke, R. C. 1950, Coccidioidomycosis. Tr. 
New York Acad. Sc. 12(2): 188-194. 
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allantoic fluids, air sac membrane, al- 
bumen, etc. It was her opinion that the 
sporangial stage reproduced in fertile 
chicken eggs in massive numbers and 
that the results were so spectacular that 
the use of the fertile chicken egg offered 
an almost unparalleled opportunity to 
study sporangia seemingly unaffected 
by host reaction. Eggs were inoculated 
in the chorioallantoic membrane with 
chlamydospores obtained from in vitro 
cultures. Ina series of 177 fertile chicken 
eggs inoculated with C. immitis, be- 
tween the fifth and 16th day of incuba- 
tion, the fungus was isolated or identi- 
fied in tissues in 81.5% of the inocu- 
lated eggs. Massive numbers of or- 
ganisms in the sporangial stage were 
found in the allantoic fluids and in 
smaller numbers in tissue sections, ex- 
traembryonic membrane, and in mounts 
of yolk sac and albumen. However, it 
was noted that the mycelial stage fre- 
quently could be found on the mem- 
brane of the air sac. It was her impres- 
sion that the chick embryo was an inert 
host. Several differences were observed 
between the sporangia cultured in fer- 
tile chicken eggs and those found in ex- 
perimental animals. Spherules with en- 
dospore formation were found occurring 
up to 240 w in diameter. Odd shapes 
were described with very thin walls 
and pseudopod-like structures, heavy 
crosswalls, absence of large central 
vacuole, and a considerable variability 
in staining reactions with Mallory’s 
triple stain. She suggested that with the 
use of embryonated eggs a technique 
could be developed for the evaluation of 
various ‘drugs for their effectiveness 
against the animal phase of C. immitis 
and that there was a possibility of col- 
lecting large numbers of the parasitic 
phase of the organisms for immunologi- 
cal, serological and physiological stud- 
ies. 


Recently, Brueck and Buddingh’ re- 


ported their experiences with the propa- 
gation of pathogenic fungi in the yolk 
sac of embryonated eggs. A rapid and 
almost complete reversal into the spher- 
ule phase was noted to occur when sus- 
pensions of the mycelial growth of cul- 
tures of C. immitis were inoculated into 
the embryonic yolk sac. They con- 
cluded that the yolk sac of the develop- 
ing chick embryo has proved to be 
highly saitable for the propagation of 
C. immitis. 

Because of the potentialities inherent 
in the use of embryonated eggs for cul- 
turing C. immitis in the spherule stage, 
it was our feeling that this method war- 
ranted further investigation. 


METHODS 


1. Eight-day-old embryonated eggs were used 
throughout these experiments. 

2. A 2 mm opening was made through the egg 
shell over the allantoic cavity or the yolk sac, 
depending upon the desired site of inoculation. 
Openings were made with a small electric hand 
drill with a burr of appropriate size. 

3. Three sources of inoculum were used: (A) 
A saline suspension of pus obtained from a patient 
with coccidioidomycosis. (B) Saline suspensions 
of mouse omentum. These mice had been inocu- 
lated intraperitoneally with a saline suspension 
of arthrospores of C. immitis. After a two-week 
period the jmice were sacrificed, the omentums 
removed aseptically, and a saline suspension was 
made of this material. (C) A suspension of 
arthrospores was made by overlaying with saline 
a test tube culture of mature C. immitis grown 
on Sabouraud’s medium. The tube was gently 
agitated for several minutes and the saline 
suspension was removed aseptically. 

4. After inoculation the openings in the eggs 
were sealed with nail polish. 

5. All eggs were incubated at 99.5 F and ata 
humidity which gave a reading on the wet bulb 
thermometer of 86 to 88 F. 

6. Eggs were opened on the eighth day of in- 
cubation and material taken for examination and 
cultural studies. 


3. Brueck, J. W. and Buddingh, G. J. 1951, 
Propagation of pathogenic fungi in the yolk 
sac of embryonated eggs. Proc. Soc. Exper 
Biol. & Med. 76(2): 258-261. 
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EXPERIMENTAL DATA 
Procedure no. 1. The evaluation of the 
rate of growth of C. immitis in embry- 
onated eggs over an eight-day period 
Saline suspensions of arthrospores were used. 

lhe number of arthrospores per cubic centimeter 
of inoculum was derived by the usual serial dilu- 
tion plating technique. Sabouraud’s dextrose agar 
was used as a culture medium. One tenth cc of 
inoculum was injected into the yolk sac of each 
egg. After 
iseptically and a note was made of the viability 


incubation the eggs were opened 
of the embryos. A 0.5 cc sample was taken from 
each egg for culture on Sabouraud’s medium. In- 
cluded in each sample was material taken from 
the yolk sac, allantoic and amniotic cavities. A 
1.0 cc syringe with an 18-gauge needle was used 
to obtain the samples. The remaining entire con- 
tents of the eggs were pooled and mixed thor- 
oughly in a Waring blendor. Samples of this 
material were then taken for plating to determine 
the degree of multiplication. Eight such experi- 
ments were done and a total of 51 eggs were used 


PABLE 1. 


Positive Positive 
live dead 
egys 


Eggs 
injected 


| 
| 
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fects of the presence of C. immitis over 
the eight-day period. No correlation 
could be found between the surviva- 
bility of the embryos and the number of 
organisms which were used in our in- 
oculum. Roughly, 50% of the eggs in- 
oculated were found to be positive upon 
individual subculture when 0.5 cc of egg 
material was used. This percentage was 
about the same regardless of whether 
the embryo was alive or dead at the 
time of the opening. 

One must interpret these results with 
the realization that at best the use of 
the plating technique gives only a 
rough estimate of the number of arthro- 
spores inoculated and the number of or- 
ganisms recovered. In the preparation 
of arthrospore saline suspensions it was 
frequently noted that such suspension- 


Increase in the number of C. immitis organisms over an eight-day period in 
embryonated eggs. 


Organisms 
inoculated 
per cc of 
eggs 


Organisms 
per cc of 
inoculum 


Amount 
of multi- 
plication 


Organisms 
per ce of 
harvest 





werner wre 


Percentages 


64.7 51.5 35.3 44.4 


102 
3158 
188 


670 
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Each egg was inoculated with 0.1 cc of an arthrospore suspension. Each egg was considered to have a 30 cc usable average 


volume, 

Table 1 summarizes the results of 
these experiments. The number of col- 
onies counted per cc by the plating tech- 
nique varied from 97 to 2900 in the in- 
oculum, Using the same plating tech- 
nique on the pooled eggs revealed an in- 
crease of from 4 to 4000 times the origi- 
nal inoculum, Sixty-five percent of the 
embryonated eggs survived the mechan- 
ical trauma of inoculation and the ef- 


contained grossly visible aggregations 
of arthrospores and hyphal elements. 
These generally plated out as individual 
colonies. It should also be noted that 
small 0.5 cc samples taken from indi- 
vidual eggs for culture on Sabouraud’s 
medium did not necessarily reflect the 
over-all growth distribution of the or- 
ganism in the remaining portion of the 
embryonated egg. In spite of these 
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sources of error it is apparent that the 
embryonated egg does not provide a 
medium for the luxuriant growth of 
C. immitis. 


Procedure no. 2. Evaluation of the rate 
of growth of C. immitis in nonembryon- 
ated eggs as compared with the rate 
of growth in embryonated eggs 

The same technique was used as in procedure 
no. 1 except tor the source of inoculum, which 
was a saline suspension of mouse omentum. Three 
experiments were done, using a total of 18 em- 
bryonated and 18 nonembryonated eggs. 


Table 2 summarizes the rate of multi- 


TABLE 2. 
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and survivability of the embryos was noted. The 
contents of only the viable eggs were pooled and 
mixed in a Waring blendor. This material was 
then used for the next succeeding inoculation. An 
amount of 0.2 cc inoculum was used for both the 
original and succeeding inoculations. Inoculations 
were made into the yolk sac. Transfers were made 
at weekly intervals and eight such transfers were 
done, using a total of 56 eggs. A plate count was 
made of the original inoculum and the pooled 
contents of the viable eggs. The pathogenicity of 
the organism was evaluated in miice at the end of 
this series of transfers. 


results of 
this serial passage of C. immitis. The or- 
ganisms can be transferred from egg to 


Table 3 summarizes the 


Comparison of the rate of growth of C. immitis in nonembryonated eggs and 


embryonated eggs. 


Non- 
embryonated 


eggs 
injected 


Enbronated 
eggs 
injected 


Organisms 
per cc of 
inoculum 


6 6 
6 6 
6 6 


Mouse omentum was used as the source of inoculum. Dose of inoculum was 0.1 cc per egg. 


plication of C. immitis in embryonated 
eggs as compared to its rate of growth 
in nonembryonated eggs under the 
same conditions. C. immitis developed 
at a more rapid rate in the nonembry- 
onated eggs. There were from eight to 
13 times as many colonies per cc of har- 
vest in the nonembryonated egg when 
compared to the yield obtained from 
the embryonated egg. One must again 
interpret these results in the light of the 
limitations of the plating and cultural 
technique used. It was concluded that 
the embryonated egg possessed a mild 
inhibitory effect on the growth of C. tm- 
mitis. 


Procedure no. 3. The survivability of 

C. immitis upon passage through a 
series of embryonated eggs 

The original source of inoculum was mouse 


omentum. Specimens were taken from the in- 
dividual egg for culture on Sabouraud’s medium 


Positive 
embryonated 
eggs 


Organisms 
per cc of 
embryonated 
eggs at 


Organisms 
per cc of 
nonembryonated 
eggs at 
harvest 


Positive 
non- 
embryonated 


4 17,600 
4 


58,800 


0 40 ,000 


egg, and there is a gradual increase in 


number up to 
adaptation to 
Overwhelming 


the eighth passage as 
environment made. 


numbers of organisms 


1S 


were never encountered. The series was 
stopped after the ninth egg passage as 


TABLE 3.— Multiplication of C. immitis in 


embryonated eggs on serial passage. 


Organ- 
isms 
per cc 
of in- 
oculum 


Posi- 
tive 
live 

eggs 


Posi- 
tive 

dead 
eggs 


Organ- 
isms 
per cc 


of yield 


Live 
eges 


Dead 
eggs 


Eggs 
in- 
jected 

6 4 186 ,000 

9 1 7,500 
0 9,300 
18,000 

26 ,000 
37,000 

42 ,800 
44,800 

2,500 


7,500 
9,800 
18 ,000 
26 ,000 
37,000 
42,800 
44,800 
2,500 
2,300 


Nee oeUVe Vninw 
BNRNNRKKe—ve 


Total 
36 20 


16 10 


Original source of inoculum was mouse omentum. The 
contents of only the viable eggs were pooled and counted. 
Two-tenths of inoculum was used for both the original and 
succeeding inoculations. . 
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it was felt that no additional informa- 
tion could be gained. C. immitis was cul- 
tured in embryonated eggs for a total of 
63 days. Egg material taken at this 
time and containing C. immitis was in- 
oculated intraperitoneally into 12 mice. 
At the end of a two-week period, four of 
the mice had died and the remainder 
were killed. On autopsy all the mice 
were found to contain gross and micro- 
scopic evidence of coccidioidomycosis. 
It was concluded that at the end of the 
serial passage this organism had lost 
none of its virulence and proved to be 
as pathogenic to mice as those or- 
ganisms in the original source of in- 
oculum. 


Microscopic examination of eggs in- 
oculated with C. immitis 
and control eggs 


Wet mount preparations were made 
from the yolk sac, chorioallantoic fluid, 
and albumen. These mounts were made 
from the eggs inoculated into the allan- 
toic cavity and yolk sac from the three 
sources described under Methods. Ma- 
terial was examined from both vi- 
able and dead eggs. Microscopic ex- 
amination using both the conventional 
and phase microscopes revealed numer- 
ous spherules. In size they varied from 
small, immature spherules to several 
times larger than any size reported for 
mature C. immitis spherules. Many of 
these spherules contained smaller spher- 
ules which caused them to closely re- 
semble the sporangial state of .C. im- 
mitts with endospore formation. Finally, 
spherules could be found in which the 
membranes had ruptured and the con- 
tents were being released in a manner 
similar to that seen in C. immitis. All 
of these spherules had relatively thin 
walls and were not infrequently irregu- 
lar in shape. The largest number of 
spherules was found in the yolk sac and 
to a lesser extent throughout the re- 


mainder of the egg structure. In those 
eggs in which the embryo was found 
dead on opening, the spherules were 
more greatly dispersed throughout the 
egg. When wet mount preparations 
were made from noninoculated control 
eggs, these same spherules could be 
found in comparable amounts. Also, 
when pus containing known C. immitis 
spherules was mixed with these sub- 
stances, in many instances it was im- 
possible to determine whether the 
spherule under observation was one 
having its origin in pus or egg substance. 
Because of these observations, several 
staining methods were used in an effort 
to distinguish these spherules from the 
spherules of the animal phase of C. im- 
mitis. 

The following stains were used: pe- 
riodic-acid-Schiff stain,‘ Mallory’s triple 
stain,’ and hematoxylin and eosin stain. 
Smears were made from noninoculated 
eggs, eggs inoculated with C. immitis 
and pus containing C. immitis spher- 
ules, the latter mixed with various por- 
tions of noninoculated eggs and stained 
for comparison. With the periodic-acid- 
Schiff stain, the spherules in pus stained 
red or shades thereof while the remain- 
der of the pus constituents stained blue. 
The spherules revealed ridging of their 
surface due to rapid dehydration oc- 
curring during the preparation of the 
smear. Most of the stain appeared to 
be absorbed by the wall of the spherule, 
and it was difficult to identify the con- 
tents of the spherule. Smears from con- 
trol eggs treated with this stain revealed 
many spherules with the same staining 
characteristics and shape as those in 
pus. Identification was impossible on 


4. Klingman, A. M. and Mescon, H. 1950, The 
periodic-acid-Schiff stain for the demonstra- 
tion of fungi in animal tissue. J. Bact. 60: 
415-421. 

. McClung’s Handbook of Microscopial Tech- 
nique. 1950, ed. 3, Paul B. Hoeber, Inc. 
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Fic. 1 


IMMITIS IN EGGs 


Hematoxylin and eosin stained preparation of omentum from a mouse injected intra 


peritoneally with pus containing C. immitis spherules. Mice sacrificed two weeks after inoculation 


Specimen magnified 70 times. 


Fic, 2. 


Hematoxylin and eosin preparation of yolk from control embryonated chicken egg showing 


numerous spherules resembling the animal phase of C. immitis. Specimen magnified 70 times. 


Fic. 3. 


Hematoxylin and eosin preparation of the extra-embryonic membranes from an uninocu 


lated embryonated chicken egg showing spherules. Specimen magnified 70 times. 


Fic. 4 


Specimen magnified 350 times 


color characteristics alone in those 


smears where noninoculated egg ma- 


terial and pus were combined. It was 
im- 


impossible to positively identify C. 


mitis spherules which may have been 
present in the inoculated eggs by the 
use of this stain. 


Spherules from uninoculated embryonated chicken eggs resembling endosporulation. 


Spherules in pus stained red to or- 
ange, and the remainder of the pus con- 
stituents stained blue with the use of 
Mallory's triple stain. Smears of con- 
trol eggs stained by this method re- 
vealed spherules which stained blue, 


red, and red-brown, with a bluish back- 
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Fic. 5.—Hematoxylin and eosin preparation of extraembryonic membranes from inoculated egg 


showing nests of C. immitis in the mycelial stage. This material was taken from an inoculated egg 
which was dead on opening. Specimen magnified 70 times. 

Fic. 6.—Hematoxylin and eosin preparation of extraembryonic membranes from inoculated egg 
showing nests of C. tmmit in the mycelial stage assoc iated with asteroid bodies. This material was 
taken from inoculated embryo which was viable on opening. Specimen magnified 70 times. 

Fic. 7.-Enlargement of mycelial matt of C. immitis, showing individual hyphal elements with no 
tendencies toward spherule formation. Specimen magnified 350 times. 

Fic. 8.—Asteroid-like body associated with mycelial elements. These were usually found in the 


illantoic cavity. Specimen magnified 350 times 


ground. When pus containing C.immitis impossible to identify most individual 


spherules was mixed with noninocu-  spherules. It was also impossible to posi- 


lated egg material and stained, it was tively identify C. immitis spherules 
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which may have been present in the in- 
oculated eggs with the use of this stain. 

Essentially the same difficulty was 
encountered with the use of the hema- 
toxylin and eosin stain. 

Small samples of yolk, albumen, ex- 
traembryonic membrane and various 
portions of the embryo were 
placed in a 10% formaldehyde solution 
for histological sectioning and staining. 
Microscopic examination of stained his- 


per se 


tological sections of various portions of 
uninoculated eggs revealed numerous 
spherules similar to those noted in wet 
mount and stain smear preparations 
(see fig. 3 and 4). The yolk substance 
was composed almost entirely of these 
spherules. However, they could be 
found in numbers in sections 
made of extraembryonic membrane, al- 


lesser 


bumen, and in various portions of em- 
bryos found dead upon opening. 

Figure 1 is a photograph of a section 
of omentum from a mouse previously 
inoculated with pus containing C. im- 
mitis and is presented for comparison. 
It was photographed at the same magni- 
fication as figures 2 and 3. 

Eggs which were inoculated with C. 
immitis from the three 


sources men- 


tioned under Methods were found upon 
opening to contain thickened, chorio- 
allantoic membranes and diffuse, white, 
matt-like material dispersed between 


the extraembryonic membranes and 
embryo. This material was slightly ad- 
herent to the surrounding structures. 
These most fre- 
quently noted in those embryos which 
were viable at the time of opening. Mi- 
croscopic examination revealed this ma- 
terial to consist of closely woven matts 
of hyphal elements of C. immitis. No 
tendency to spherule formation could 
be observed (fig. 5, 6, and 7). Large 
eosinophilic 


observations were 


star-shaped bodies were 
seen associated with the mycelial ele- 


ments in many instances (fig. 6 and 8.) 
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These bodies were composed of a baso- 
philic center which was surrounded 
by radiating eosinophilic noncellular 
strands of material, and the whole 
structure was slightly suggestive of the 
asteroid bodies which have been noted 
with various types of the deep mycotic 
infections of man. 

Microscopically, loosely intertwining 
matts of mycelial elements were found‘ 
in both viable and dead embryos at the 
time of opening. Mycelial elements 
were found regardless of the source of 
inoculum. Microscopic examination of 
tissue sections of embryos per se which 
were viable at the time of opening re- 
vealed nd evidence of spherules or my- 
celial elements. C. immitis in these eggs 
was present in the yolk sac, albumen, 
and extraembryonic membranes. 


SUMMARY 


Several studies have recently ap- 
peared in the literature suggesting the 
embryonated chicken egg as an excel- 
lent laboratory animal for the cultiva- 
tion of large numbers of animal phase 
of Coccidioides immitis. Our investiga- 
tions have failed to substantiate these 
observations. Plate counts of the in- 
oculum and yield did not reveal a tre- 
mendous growth of C. immitis. When 
plate count harvests were compared 
between embryonated and nonembry- 
onated eggs, it was found that embry- 
onated eggs possessed a slight inhibitory 
effect on the rate of growth of C. immi- 
tis. C. immitis was transferred through 
nine egg passages for a total of 63 days. 
During the early transfer the rate of 
growth increased but did not reach a 
degree which would indicate that the 
organism was in a favorable environ- 
ment. C. immitis organism$ which had 
been cultured in embryonated eggs for 
a period of 63 days were found to have 
maintained their same degree of patho- 
genicity when injected into mice. 
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Microscopic examination of various 
portions of control eggs revealed nu- 
merous spherules. The yolk is composed 
almost entirely of these spherules, which 
represent aggregates of nutrient sub- 
stances. They resemble the spherules of 
C. immitis in that they are spherical, of 
similar size, possess a membrane, con- 
tain granules, and stain similarly. They 
differ from the spherules of C. tmmitis 
in that many of the globules are of a 


much larger size than previously ob- 


served for C. immitis; their membranes 
are thin; bizarre forms are noted; and 
a variable staining pattern is observed. 
Those stains used were of no differential 
aid. 

It is our belief 


that under certain 


conditions and for short periods of time 
C. immitis when inoculated into em- 
bryonated eggs may tend towards 
spherule formation. However, we believe 
that this is exceptional. Regardless of 
the source of inoculum, whether mouse 
omentum, human pus, or the use of a 
suspension of arthospores, C. immitis 
was found to be growing in the mycelial 
form. In those embryos found viable at 
the time of opening, the embryo was 
not found to be infected. In these eggs 
C. immitis existed in the yolk sac, al- 
lantoic cavity, and other extraembry- 
onic structures as loose matts composed 
of hyphal elements. Similar findings 
were seen in those embryos found dead 
on opening. 
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It has long been accepted that in tu- 
berculosis and syphilis there is resist- 
ance to reinfection. Factors of reinfec- 
tion in brucellosis, a disease resembling 
tuberculosis and syphilis, are not well 
defined. Rémer'! showed that virulent 
tubercle bacilli of bovine type inocu- 
lated into guinea pigs with tuberculosis 
produced by attenuated organisms of 
human type, did not cause miliary tu- 
berculosis as seen in controls, but pro- 
duced a modified form of the primary in- 
fection. After delayed death, the second 
infecting organism was recovered only 
from the site of injection, whereas the 
first infecting organism was recovered 
from chronic fibrocaseous pulmonary 
The initial tuberculous infec- 
tion conferred resistance against subse- 
quently inoculated tubercle bacilli but 
not against other bacteria. 


lesions. 


In experimental syphilis,’ syphilitic 
rabbits developed a chancre 
when inoculated with a heterologous 
but not with a homologous strain of 


second 
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value in guinea pigs of living 
avirulent Brucella abortus vaccines, strains 45 


(20) and $19. J. Comp. Path. 55: 70-84. 
5. Hart, G. H. and Traum, J. 1925, The relation 


Treponema pallidum. It was also found 
by subincculation experiments that the 
occasional syphilitic rabbit which failed 
to develop a chancre following superin- 
fection with heterologous treponemata 
could harbor both infecting organisms 
within the regional lymph nodes. It was 
concluded that existing syphilitic infec- 
tion did not hinder the invasion of su- 
perimposed treponemata, but did pro- 
tect against the development of new le- 
sions. 

With respect to brucellosis, several in- 
vestigations have shown that artificial 
infection with virulent'® or avirulent 
Brucella abortus’ followed by reinfec- 
tion with virulent brucellae reduced the 
incidence of abortion in cattle. This has 
been accepted as evidence for resistance. 
Large scale immunization of cattle with 
living brucella vaccine is now widely 
practiced. 

On the basis of bacteriological culture 
of tissues from guinea pigs reinfected 
with brucellae, several authors‘ *? have 


of the subcutaneous administration of living 
Bacterium abortum to the immunity and carrier 


problem of bovine infectious abortion. Tech. 
Paper no. 19, Univ. Calif. College Agric., 
\gric. Exper. Sta., Berkeley, Calif. pp. 1-50. 

. Huddleson, I. F. 1947, The immunization of 
guinea pigs with mucoid strains of Brucella. 
Am. J. Vet. Res. 8: 374-379. 

. Kolle, W. and Schlossberger, H. 1926, Experi- 
mentelle Studien iiber Syphilis und Rekurren 
spirochaetose. V. Ueber symptomlose Infek 
tion von Miausen und Ratten, sowie symp 
tomlose Superinfektionen syphilitischer Kan- 
inchen mit Spirochaeta pallida. Deutsche med. 
Wcehnschr. 52: 1245-1247. 
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reported increased resistance in animals 
primarily infected with strains of low 
or high virulence. McEwen,?® infecting 
guinea pigs with a carbon dioxide-de- 
pendent strain and reinfecting with an 
aerobic strain of Br. abortus, found evi- 
dence of resistance one to 26 weeks after 
the primary infection. 

Similar experiments were undertaken 
to determine whether guinea pigs in- 
fected with virulent brucellae were re- 
sistant to superinfection with another 
species of virulent brucellae. Infection 
with one or the other organism could be 
detected not only by their cultural re- 
quirements but also by their different 
pathological effects. 
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Fic. 1. 
periment. 


Brucella superinfection. Plan of ex- 


MATERIALS AND METHODS 


Animals.—Guinea pigs of both sexes were of 
the Hartley strain and weighed 300 to 425 g. 
Bacteria.—Br. abortus 6232c sr3 was a strep- 
tomycin-resistant mutant isolated from a smooth 
strain. The [Dg of this organism for guinea pigs 
was 1160 organisms. Brucella suis PSIII k was 
a smooth virulent strain. The IDsy of this or- 
ganism for guinea pigs was three bacteria. Stock 
cultures were maintained on modified tryptose 
agar.* Bacterial suspensions for injection into 
animals were made from 48-hour tryptose agar 
slant cultures suspended in tryptose saline con- 
sisting of 0.1% tryptose in 0.5% sodium chloride. 


9. McEwen, A. D. 1940, Immunity to Brucella 
abortus infection. Vet. Rec. 52: 441-444. 
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The suspensions were standardized in the Cole- 
man spectrophotometer and checked by the dilu 
tion plate count method. 

Autopsies.—Animals were bled from the heart 
under chloroform anesthesia and then electro- 
cuted. Autopsies were performed under aseptic 
conditions. A complete morphological examina- 
tion was made on almost all animals. Tissues 
were fixed in Helly’s solution and in formalin. 
Sections were Lillie- 
Giemsa method. 


stained by a _ modified 

The regional lymph nodes and spleen were 
cultured in all animais. In many cases other 
lymph nodes, liver, uterus, or epididymis were 
also cultured. Tissues to be cultured were tri- 
turated aseptically with tryptose saline, and two 
or three drops of the resulting suspension were 
spread on agar plates. Since the strain of Br. 
abortus used was resistant to streptomycin and 
required carbon dioxide for growth, it could be 
readily differentiated from the streptomycin- 
sensitive Br. suis growing without added carbon 
dioxide. Cultures from animals infected with both 
species were plated in duplicate on 2-1 agar* and 
on 2-1 streptomycin agar (1 mg streptomycin per 
ml). One plate of each type of agar was incubated 
aerobically, the other in a candle jar. Only Br. 
abortus would grow on the streptomycin-contain- 
ing agar incubated in jars and only Br. suis on 
the 2-1 agar cultivated in air. To detect possible 
changes in cultural characteristics during host 
passage, 2-1 agar in carbon dioxide and strepto- 
mycin agar in air were employed. Cultural 
changes were not found. Except for occasional 
check plates, tissues from control animals in- 
fected with a single species were cultivated only 
under the conditions appropriate for the strain 
used. All cultures were examined after four days 
incubation at 37 C. 

Agglutinin tests were performed with blood 
serum obtained from each animal when sacrificed. 
The antigen employed was a phenolized saline 
suspension of Br. abortus produced by the U. S. 
Army Veterinary School. 


EXPERIMENTAL 

The plan of the experiment is repre- 
sented in figure 1. 

Infection controls.—Br. abortus was in- 
jected the right 
groins of 60 guinea pigs in a dose of 
6900 organisms in 0.2 ml tryptose saline. 
Groups of five animals were sacrificed 
at intervals of two, four, six, and eight 
weeks and groups containing ten ani- 


subcutaneously in 
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mals at 12, 16, 26, and 32 weeks after in- 
fection. 

Br. suis was injected subcutaneously 
in the right groins of 50 guinea pigs in a 
dose of 34 organisms in 0.2 ml tryptose 
saline. The planned dose was 30 or- 
ganisms. The animals were sacrificed at 
the same intervals as those infected with 
Br. abortus except that none was ex- 
amined at 32 weeks. 

Superinfection.—Sixty guinea pigs re- 
ceived the same dose of the same sus- 
pension of Br. abortus as the Br. abortus 
controls. Groups of ten were injected 
subcutaneously with Br. suis at inter- 
vals of two, four, six, eight, 12 and 26 
weeks after infection with Br. abortus 
and sacrificed five weeks after reinocula- 
tion. To distinguish between the local 
tissue reactions caused by each of the 
organisms, Br. suis was injected into 
the left axilla, a site far removed from 
the previous Br. abortus injection. Sepa- 
rate tests of the Br. suis inoculums at 


the eight-, 12- and 26-week periods pro- 


duced infection in 26 of 27 normal 


guinea pigs. 
RESULTS 

The gross morphological findings in 
animals examined from two to 32 weeks 
after infection were distinctive in the 
regional lymph nodes and spleen. Fig- 
ures 2 and 3 summarize graphically the 
relative size of lymph nodes and spleen 
in the three types of infection at various 
periods from two to 32 weeks. The re- 
sults are plotted according to the total 
duration of brucella infection. The age 
of the Br. abortus infection at the time 
of superinfection is obtained by sub- 
tracting five weeks, the period of super- 
infection. The figures are drawn only 
from those animals which had complete 
morphological examinations and _ indi- 
cate cultural results which are referable 
specifically to regional lymph nodes 
and spleen and not to the whole animal. 


RELATIVE SIZE 


WEEKS OF INFECTION 
Fic. 2.—Regional lymph node size during in- 
fection with Br. abortus, Br. suis, or Br. suis 
superimposed on Br. abortus. Number of animals 
is indicated by number of segments on ordinates. 


The bacteriological results from all ex- 
perimental animals appear in tables 1 
and 2. The incidence of positive cultures 
is greater in the tables than in figures 
2 and 3 because more animals are repre- 
sented in the tables. In addition, posi- 
tive cultures were occasionally obtained 
from tissues other than regional lymph 
nodes and spleen when the latter were 
negative. 
Br. abortus control infection There 

was only slight enlargement of regional 

CULTURES 

® = POS. SUIS 


@=POS. ABORTUS 
O = NEG. 
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5 6 2 6 
WEEKS OF INFECTION 
Fic. 3.—Spleen size during infection with Br. 
abortus, Br. suis, or Br. suis superimposed on 
Br. abortus. Number of animals is indicated by 
number of segments on ordinates. 
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TABLE 1. 


Recovery of brucellae from guinea pigs infected with Br. abortus 


and superinfected with Br. suis. 


Br. abortus infection* 
Duration at 
sacrifice 
(weeks) 


Duration at 
superinfection 
(weeks) 


Incidence 


2 9/9 
4 10/10 
6 10/10 
x 10/10 
12 10/10 
26 2/10 


* Dose of Br. abortus was 6900. ; 
t Included to test infectivity of superinfecting dose. 


and distant lymph nodes through the pe- 
riod of observation. The spleens, small 
during the first eight weeks of infection, 
became very large at 12 weeks and ex- 
tremely large at 16 weeks. Most of them 
returned to normal size at 32 weeks. 
Specific were not observed 
grossly in other viscera before 26 weeks. 
Liver abscesses were seen in two ani- 
mals at 26 weeks. One animal at 32 
weeks showed metritis as well as liver 


lesions 


abscess. 

Histological examination revealed the 
granuloma of brucellosis in regional and 
distant lymph nodes, spleen, liver and 
bone marrow. These lesions were moder- 
ate in number and, unlike those in Br. 
suis infection, lacked necrosis. 

The extreme enlargement of spleens 
seen at 12 and 16 weeks was of the type 
observed in nonspecific chronic infec- 
tious splenitis. Specific granulomata in 
these spleens were few and small. 


Br. abortus was recovered from all 


animals in the Br. abortus control group 


TABLE 2.—Recovery of brucellae from controls 


infected with either Br. abortus* or Br. suis.* 


Br. abortus Br. suis 

Duration at 
sacrifice 
(weeks) 


Duration at 
sacrifice 
(weeks) 


Incidence Incidence 


* Dose of Br. abortus was 6900, of Br. suis 34. 


Dosage, 
Br. suis 


Br. suis infection 


Duration at _ Incidence 
sacrifice 
(weeks) 





Inoculum 
controlst 


Superinfected 
animals 


10/10 
10/10 


6/7 


through 12 weeks of infection. The in- 
cidence of recovery diminished there- 
after. By 26 weeks the organism could 
be recovered from only half the animals. 

Br. suis control infection—Maximal 
lesions developed in from four to eight 
weeks. Not only were the regional 
lymph nodes and spleens greatly en- 
larged but they had large necrotic 
granulomata. Similar lesions were found 
microscopically in epicardium, lung, 
liver, renal pelvis, renal cortex, meso- 
varium, uterus, testis, epididymis, thy- 
roid, adrenal, bone marrow, bone, and 
intestine. At 16 to 26 weeks, lymph 
nodes and spleens had returned to nor- 
mal size but contained grossly vis- 
ible abscesses and, microscopically, fine 
scarring and fibrosis. 

At four to eight weeks, the regional 
lymph nodes and spleens of Br. suis in- 
fection were enlarged with confluent 
necrotic granulomata, while those of 
Br. abortus infection were scarcely al- 
tered. These gross differences clearly 
distinguished the two types of infection. 
Because of these morphological differ- 
ences, known from previous experience, 
five weeks had been selected as the in- 
terval between Br. suis inoculation and 
sacrifice of all animals in the superinfec- 
tion experiments. 

The cultural recovery of Br. suis from 
the Br. suis control group was similar 
to that of Br. abortus just described. In 
the infections of longer duration or- 
ganisms were found in a greater number 
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of animals by culturing not only re- 
gional lymph nodes, spleen and liver 
but also any other areas with gross in- 
flammation. For example, nine animals 
autopsied and cultured after 26 weeks of 
Br. suis infection revealed the follow- 
ing: Six had positive Br. suis cultures. 
Of five with negative cultures from the 
regional lymph nodes, two had positive 
cultures from the spleen. One with nega- 
tive cultures in regional lymph nodes 
and spleen had positive cultures in cer- 
vical lymph nodes and epididymis. In 
infections of more than four months 
duration, histological evidence of active 
brucellosis could be found when cultures 
of tissues were negative. 

Br. suis superimposed on Br. abortus 
infection—When Br. suis was superim- 
posed on two-weeks-old Br. abortus 
infection, great enlargement of regional 
lymph nodes and spleens ensued in all 
animals. More significantly, the spleens 
had the large, confluent granulomata 
characteristic of Br. suis infection. Dis- 
seminated visceral lesions were fewer 
and less intense than in control Br. suis 
infection, and Br. suis could be cul- 
tured from only five of the nine animals. 

When B. suis was superimposed on 
Br. abortus infection varying in duration 
from four weeks to 26 weeks, morpho- 
logical evidence of superinfection was 
found in only four of 50 guinea pigs. 
These groups inoculated 
with Br. suis four weeks and eight 
weeks after Br. abortus infection. All 
four recognized 
grossly by changes characteristic of Br. 
suis infection. Positive Br. suts cul- 
tures were obtained from the regional 
lymph nodes of all four guinea pigs 
but only two of the spleens. 
Animals resistant to Br. suis infec- 
tion six to 12 weeks after Br. abortus 
infection had large spleens similar to 
those of the control Br. abortus in- 
fections. In the superinfection groups. 
discrepancies again appeared between 


occurred in 


superinfections were 


from 
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the results of morphological and of bac- 
teriological examinations. More evi- 
dence for Br. suis infection appeared 
from the anatomical than from the cul- 
tural results. Although only five of nine 
guinea pigs superinfected with Br. suis 
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Fic. 4.—Mean serum brucella agglutinin titers 
in guinea pigs infected with Br. suis, Br. abortus, 
or Br. suis superimposed on Br. abortus, 


after two weeks of Br. abortus infection 
yielded positive cultures, all had mor- 
phological evidence of Br. suis infection. 

It is noteworthy that Br. abortus was 
isolated from all animals in each of the 
superinfection groups save those ex- 
amined at 31 weeks, at which time Br. 
aborius was recovered from two of ten 
animals and Br. suis from none. How- 
ever, at this time a culturally negative 
animal examined histologically showed 
evidence of active Br. abortus infection. 

Serum agglutinins —Serum aggluti- 
nin titers for brucella were determined 
in each animal at the time of sacrifice. 
The arithmetic means of the reciprocals 
of the titers in each group at the various 
intervals after infection are plotted in 
figure 4. The mean serum agglutinin 
levels of guinea pigs in which Br. suis 
was superimposed on Br. abortus infec- 
tion were significantly higher than those 
of animals infected with either Br. abor- 
tus or Br. suis. Agglutinin titers rose 
after reinoculation but were not cor- 
related with morphological or bacterio- 
logical evidence of superinfection. Ani- 
mals showing superinfection had titers 
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which were no different from those of 
animals which were refractory. 


DISCUSSION 


It is apparent that morphological dif- 
ferences existed between cavine bru- 
cellosis caused by Br. suis PSIII k and 
by Br. abortus 6232c sr3. The lesions of 
Br. suis in superinfected animals, quali- 
tatively indistinguishable from control 
Br. suis lesions, were less intense, less 
widespread, and often culturally nega- 
tive for Br. suis. The morphological 
data indicate, therefore, that guinea 
pigs with Br. abortus infection of two 
weeks duration were partially resistant 
to superinfection with Br. suis, while 
guinea pigs with Br. abortus infection of 
longer duration were refractory with few 
exceptions. 

Although Br. abortus was recovered 
for 17 weeks from all animals in which 
superinfection was attempted, it was 
recovered from only two of ten animals 
31 weeks after primary infection. This 
suggests that resistance was not de- 
pendent on survival of organisms caus- 
ing the original infection. On the other 
hand, failure to recover Br. abortus in 
late infections might reflect the inade- 
quacy of cultural methods in detecting 
small numbers of organisms in tissues. 
It is possible that in all experiments of 
this type subinoculation or better cul- 
tural technique might reveal persisting 
organisms. Whether the Br. suts-resist- 
ant animals had indeed rid themselves 
of Br. abortus must remain an unan- 
swered question. 

By culturing only spleens, McEwen? 
concluded that guinea pigs infected 
with large doses of one virulent strain of 
Br. abortus were resistant to superinfec- 
tion with large doses of another strain 
of the same species. However, in later 
experiments,’® culture of the regional 
lymph nodes revealed the second or- 
ganism. The present studies extended 
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the observations of McEwen in showing 
that resistance to superinfection also 
occurred when different species of bru- 
cella were used for the first and second 
infections and when the primary infect- 
ing dose was relatively small. 


SUMMARY AND CONCLUSIONS 


1. Brucella suis PSIII k and a strep- 
tomycin-resistant strain of Brucella 
abortus, 6232c sr3, both virulent or- 
ganisms, differed in their pathological 
effects in guinea pigs. 

2. Guinea pigs having brucellosis 
due to Br. abortus were inoculated with 
Br. suis at various intervals up to six 
months following the original infection. 
When present, superinfection could be 
detected by the morphological changes 
in the host and by the cultural charac- 
teristics of the recovered organisms. 

3. On the basis of pathological evi- 
dence, guinea pigs with Br. abortus in- 
fection of two weeks duration were sus- 
ceptible to infection with Br. suis. How- 
ever, only one-half of them yielded Br. 
suis when cultured. Thereafter, Br. 
abortus-infected guinea pigs were largely 
refractory to Br. suis infection. 

4. During the first 17 weeks of bru- 
cellosis, Br. abortus was recovered from 
all animals resistant to Br. suis super- 
infection, while at 31 weeks Br. abortus 
was recovered from only 20% of resis- 
tant animals. 

5. Whether or not superinfection oc- 
curred following inoculation of Br. 
suis into Br. abortus-infected animals, 
serum agglutinins for brucellae in- 
creased above the level found in control 
Br. abortus infections. 


10. McEwen, A. D. 1941, The resistance and 
sensitivity of Br. aborius-infected guinea pigs. 
Vet. Rec. 53: 183-185. 

. Rémer, P. H. 1909, Weitere Versuche ueber 
Immunitat gegen Tuberkulose durch Tuber- 
kulose, zugleich ein Beitrag zur Phthisio- 
genese. Beitr. z. Klin. d. Tuberk. 13: 1-63. 





INTERFERENCE OF AUREOMYCIN WITH THE 
ACTIVITY OF PENICILLIN IN VIVO 


PASQUALE BARTELL 


From the Department of Bacteriology and Immunology, The Jefferson Medical College, 
Philadelphia, Pennsylvania 


Gunnison et al' have shown that au- 
reomycin has an inhibitory effect on 
the activity of penicillin in vitro. This 
fact had previously been confirmed in 
this laboratory. The present data are 
derived from experiments designed to 
determine if this interference could be 
demonstrated in vivo and the factors 
which influence such interference. 


MATERIALS AND METHODS 


The test organism employed throughout this 
study was a 14- to 18-hour growth of Diplococcus 
pneumoniae, type I, cultured in brain-heart in- 
fusion broth (Difco) enriched with 5% de- 
fibrinated rabbit blood, pH 7.0. This strain was 
inhibited at concentrations of 0.03 units/ml 
penicillin and by 0.15 mg/ml aureomycin in 
vitro. 

The antibiotics used were crystalline sodium 
penicillin G and aureomycin hydrochloride. 
These antibiotics were dissolved in distilled water 
and used fresh whenever possible. Otherwise they 
were stored at —20 C and used within a few 
days. When simultaneously administered, the 
antibiotics were injected intramuscularly into 
opposite thighs. 

Healthy young white mice which weighed 15 to 
20 g were employed. The mice were used in 
groups of five, and each assay was repeated at 
least three times. In general, the procedure? was 
as follows. Mice were infected by intraperitoneal 
inoculation with 0.5 ml of a 1:10 dilution of a 
14- to 18-hour culture of D. pneumoniae, type I, 
containing 1.0108 organisms, approximately 
one hour before administration of the antibiotics. 
The course of the infection was followed by deter- 
mining the number of bacteria per drop of in- 
fected mouse blood (approximately 0.03 ml) at 
one, three, five, eight, and 24 hours after the 
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. Gunnison, J. B., Coleman, V. R. and Jawetz, 
E. 1950, Proc. Soc. Exper. Biol. & Med. 75: 
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administration of the antibiotics. This was done 
in the following manner: A drop of blood procured 
from the tail of the mouse was added to 2.0 ml 
of plain nutrient broth. This was well mixed by 
repeated drawing back and forth in a pipette. 
One ml of this mixture was withdrawn and ten- 
fold dilutions were prepared in plain nutrient 
broth. Pour plates were made by adding 1.0 ml 
of the undiluted and 10~ dilution to 15 ml blood 
agar base (Difco) enriched with 0.5% glucose 
and 2% horse serum. These plates were in- 
cubated for 48 hours at 37 C. Colony counts were 
made using the Quebec Colony Counter. 


RESULTS 

In figure 1 it can be seen that penicil- 
lin produced a decrease in the bac- 
teremia more rapidly than did aureomy- 
cin. Since the bacterial count increased 
rapidly after the seventh hour, it is evi- 
dent that the effective antibacterial 
blood level of penicillin was not main- 
tained beyond this hour. Aureomycin, 
on the other hand, maintained an ef- 
fective antibacterial activity as indi- 
cated by the constant decrease in the 
bacterial count. When these antibiotics 
were injected simultaneously an inter- 
ference upon the activity of penicillin 
resulted. This interference was evident 
during the first five to seven hours. 

It is evident then, that penicillin 
when administered simultaneously with 
aureomycin does not exhibit its charac- 
teristic activity. It appears, however, 
that this interference is of a temporary 
nature. 

It is shown in figure 2 that when au- 
reomycin was administered prior to the 
administration of penicillin the result- 
ant curve resembled more closely the 
curve representing a single injection of 
aureomycin. When, on the other hand, 
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penicillin was administered prior to au- 
reomycin, the resultant curve resembled 
the curve representing a single injection 
of penicillin. In both cases, interference 
on the activity of penicillin was evident, 
but to different degrees. 

This experiment makes it quite clear 
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prior to aureomycin there resulted a 
variance in the degree of the interfer- 
ence, depending upon the length of the 
time interval between injections. The 
degree of interference appeared to be 
greater with the shortening of the inter- 
val of time between the administration 


Aureomycin 3.0mg. at 0 hrs. 
—— Penicillin 
J ' Aureomycin 3.0mg. and 

Penicillin 1600 units at O hrs 
Untreoted Mice 


1600 units at O hrs. 


All mice received infecting 
inoculum ot O hrs. 





Fic. 1. 


cin and penicillin. 


that the sequence of administration of 
the antibiotics, with some time interval 
between injections, does have a definite 
effect upon the degree of interference 
exhibited. When penicillin is adminis- 
tered prior to aureomycin, there is a 
diminution in the degree of interfer- 
When adminis- 
tered before penicillin, there is an in- 
creased degree of interference. 

When penicillin 


ence. aureomycin is 


was administered 


Ls 


24 
HOURS 


Survival of D. pneumoniae, type I, in mice after simultaneous administration of aureomy- 


of penicillin followed by aureomycin. 
This is indicated in figure 3. Conversely, 
a lesser degree of interference was evi- 
dent when penicillin was permitted to 
act alone for a longer interval of time 
before the administration of aureomy- 
cin. 

In performing survival experiments, 
it can be seen in figure 4 that the simul- 
taneous use of aureomycin and peni- 
cillin (C) resulted in an additive effect. 





ANTIBIOTIC ANTAGONISM IN Vivo 


When aureomycin was administered 
four hours after the initial injection of 
penicillin (D) the mice had a survival 
rate which was twice as great as that 
obtained when using the same antibiot- 
ics simultaneously. The use of penicil- 
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entail the administration of penicillin 
four hours before the administration of 
aureomycin (fig. 4,D). It will be noted 
that under such conditions the mice 
showed a survival rate which was twice 
as great as that obtained by using the 


7777 Untreated Mice 


Aureomycin O hrs. and Penicillin 6Omin. 


‘Penicillin 30min. and Aureomycin 6Omin. 


—— Penicillin 60 min. 


Dosage : 

Aureomycin 3.0mg 
Penicillin 1600 units 
All mice received infecting 

inoculum of O hrs. 





Fic. 2,—Survival of D. pneumoniae, type I, in mice after administration of aureomycin and penicil- 


lin in varying sequence. 


lin followed in four hours by a similar 
injection of penicillin (E) was not as 
efficacious as the single injection of au- 
reomycin (A). 

The interference which was previ- 
ously noted is not made evident in the 
survival experiment (fig. 4, A,B,C), un- 
less the optimal conditions necessary 
for maximal efficiency of these antibiot- 
ics are realized. The optimal conditions 


same antibiotics simultaneously. This 
would indicate that although an addi- 
tive effect was obtained as a conse- 
quence of simultaneous administration 
of the antibiotics, the full potential of 
the combination was not attained. 


DISCUSSION 
When aureomycin is administered in 
combined therapy with penicillin there 
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276 PASQUALE 
occurs a temporary, but definite, inter- 
ference upon the action of penicillin 
(fig. 1). As was shown, the degree of in- 
terference is altered by the sequence and 
the time of administration (fig. 2 and 3). 
A study of the combined use of these 
antibiotics shows that the greater the 
interval of time that the ‘“‘faster-acting”’ 
penicillin is permitted to act alone be- 


15000 


All mice received infecting 
inoculum ot O hrs 
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terial population. With this assumption 
then, the second antibiotic engages only 
those bacteria which have not already 
come under the influence of the antibiot- 
ic administered first. 

In order to facilitate interpretation of 
the data presented it might be said that 
the antibiotic administered first places 
the organisms in a bacteriostatic state. 


gaan ee® 


“= Untreoted Mice 

—--— Penicillin Obrs. ond Aureomycin 0 brs. 

—--— Penicillin Obrs. and Aureomycin 30min. 
“=== Penicillin Obrs. ond Aureomycin 90min. 
| ——— Penicillin O hrs. 


age: 
-,  Aureomycin O.5mg. 
‘+. Penicillin 1600 units 








Fic. 3. 
aureomycin at varying intervals of time. 


fore the administration of aureomycin, 
the less is the degree of interference ex- 
hibited (fig. 2 and 3). On the other 
hand, when the “‘slower-acting”’ aureo- 
mycin is permitted to exert its influence 
for a period of time before the adminis- 
tration of penicillin, the greater is the 
degree of interference on the action of 
penicillin (fig. 2). 

To explain how the antibacterial ac- 
tivity may be modified, it must be as- 
sumed that the antibiotic administered 
first does not act upon the entire bac- 


Survival of D. pneumoniae, type I, in mice after administration of penicillin followed by 


Once this occurs, the second antibiotic 
is ineffective against those organisms in 
a state of stasis. It has been shown that 
organisms must be actively multiplying 
for aureomycin to be effective,’ and 
this has also been shown to be true in 
the case of penicillin.4® Thus, the rate 


3. Paine, T. F., Collins, H. S. and Finland, M. 
1948, Ann. N. Y. Acad. Sc, 51: 228-240. 

4. Hobby, G. and Dawson, M. H. 1944, Proc. 
Soc. Exper. Biol. & Med. 56: 181-184. 

5. Hobby, G., Meyer, K. and Chaffee, E. 1942, 
Proc. Soc. Exper. Biol. & Med. 50: 281-285. 





ANTIBIOTIC ANTAGONISM IN VIVO 


of combined activity may be dependent, 
in part, upon the type of antibiotic 
which is administered first, and the 
length of time it is permitted to act be- 
fore administration of the second anti- 
biotic. 

The above interpretation may also 
be applied to those results which were 
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sult is favorable, it is not the method 
which achieves maximal efficiency. It is 
seen that an even greater number of sur- 
vivals results when aureomycin is ad- 
ministered four hours after the adminis- 
tration of penicillin. The administration 
of the antibiotics in this manner avoids 
the interference which is otherwise in- 
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A-Aureomycin O5mg 
B- Penicillin. 1600 units 


C~- Penicillin 1600 units ond Aureomycin OSmg. Simultoneously 
D- Penicillin GOO units Ohr. ond Aureomycin O.5mg. ot 4 hrs. 


E-Penicillin 1600 units Obr. ond Penicillin 


F-Untreoted Mice 


Fic. 4. 
bined, after injection with D. pneumoniae, type 1. 


obtained in the survival experiments. 
As can be seen in figure 4, the combined 
use of aureomycin and penicillin is at 
least additive. Here, the penicillin 
sharply reduces the bacterial count, and 
aureomycin, being present after the ex- 
cretion of penicillin, further reduces the 
bacterial count, thus adding to the 
chance for survival. Although this re- 


16OOunits of Shrs. 


Average survival time of mice treated with penicillin and aureomycin, singly and com 


dicated (fig. 1). This can be seen by a 
comparison of lines C and D of figure 4. 
This is further substantiated by an an- 
alysis of figure 3, where it will be noted 
that the longer penicillin acts alone be- 
fore the administration of aureomycin, 
the more efficient is the antibacterial 
activity. 

To explain further the marked dif- 
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i 
ference of'survivals as represented by 


lines C and D of figure 4, it might be 
said that when the antibiotics are ad- 
ministered simultaneously, both peni- 
cillin and aureomycin act on some por- 
tion of the total bacterial population. 
However, during the period of interfer- 
ence (fig. 1) some of each antibiotic is 
being lost via excretion. Therefore, the 
percentage of survivals is not as high as 
could be obtained by allowing the peni- 
cillin to act alone for four hours before 
the administration of aureomycin (fig. 
4,D). By delaying the administration of 
full benefit is derived 
from the penicillin, since no organisms 
are brought under the influence of the 
‘‘slower-acting’’ aureomycin, and there- 


aureomycin, a 


fore there is no wastage of the ‘‘faster- 
penicillin. The aureomycin 
which is administered after four hours 
further decreases the bacterial popula- 
tion and is able to maintain an effective 
blood level for a longer period of time, 


acting”’ 


since none was excreted during penicil- 
lin activity. 

This interference (fig. 1) is not made 
apparent in the survival experiment 
(fig. 4,4,B,C) if one considers the com- 
bined use of antibiotics without regard 
for optimal conditions necessary for 
maximal efficiency (fig. 4,D). 
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The interference which has been ob- 
served in this work does not contraindi- 
cate the use of aureomycin and penicil- 
lin in combined therapy. However, by 
being aware of this interference it then 
becomes possible to realize the full po- 
tential of these antibiotics when they 
are used in combined therapy. 


SUMMARY 


Aureomycin, if administered simul- 
taneously with penicillin, exerts a tem- 
porary, but definite, interference on 
the action of penicillin. This interfer- 
ence is conditioned by the sequence of 
administration and the time elapsing 
between injections of the antibiotics. 
The interference is not made apparent in 
survival experiments if one considers 
the combined the antibiotics 
without regard for optimal conditions 
necessary for maximal efficiency. Op- 
timal conditions concerning the use of 
these antibiotics entails the administra- 
tion of aureomycin four hours after the 
administration of penicillin. This ob- 
served interference does not contraindi- 
cate the use of aureomycin and penicil- 
lin in combined therapy, but the simul- 
taneous use of these antibiotics does 
diminish the possibility of realizing the 
full potential of such a combination. 


use of 





VACCINATION AS A PROVOKING FACTOR IN POLIO- 
MYELITIS:.-AN EXPERIMENTAL APPROACH 


JOSEPH L. MELNICK AND NADA LEDINKO 


From the Section of Preventive Medicine, Yale University School of Medicine, New Haven, 
Connecticut 


These studies were designed as an 
experimental approach to the question 
of whether the balance between clinical 
and subclinical poliomyelitis might be 
tipped in favor of the former by the 
“trauma” associated with vaccination. 
They were stimulated by several reports 
that in children there may be an associa- 
tion between prophylactic injection of 
certain bacterial antigens and subse- 
quent development of paralytic polio- 
myelitis.1~® 


Effect of vaccination (intramuscular and 
subcutaneous) on monkeys inocu- 
lated intravenously with virus 


These experiments were carried out 
by vaccinating rhesus monkeys (Macaca 
mulatta) with pertussis (Lederle) vac- 
cine alone (exp. 1) or with pertussis- 
diptheria-tetanus combined (Squibb) 
vaccine (exp. 2). The Y-SK strain of 
poliomyelitis virus was used in the form 
of monkey spinal cord. 

In the first experiment, 1 ml vaccine 
was given intramuscularly and subcu- 
taneously on days 1 and 2 in the right 
leg, followed on day 2 by an intravenous 
inoculation into the left leg of 2 ml of 
i0-' cord suspension containing about 
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100 IDgo intracerebral doses of virus per 
ml. 

In the second experiment, vaccine 
was only given on day 1, 2 ml intra- 
muscularly and 2 ml subcutaneously. 
This was followed by virus on day 2 
with an intravenous inoculation of 2 ml 
of 10-* cord suspension containing about 
10 1Dso0 intracerebral doses of virus per 
ml. The results are shown in table 1. 


TABLE 1.—Effect of vaccination on experimental 
poliomyelitis induced by intravenous inoculation of 
virus. 


Vaccine Virus Result* 





Exp.1 1imlondays1&2 2ml 10-'onday 2 
Saline control 2 ml 10~' on day 2 


Exp. 2 4 ml on day 1 2 ml 10-7 on day 2 
Saline control 2 ml 10-* on day 2 


Totals Vaccinated 
Saline controls 


* 2/2 indicates that of 2 monkeys inoculated, both de- 
veloped paralytic poliomyelitis. 

Paralysis was not selective to the 
limb inoculated with vaccine. Those ani- 
mals receiving the 10~' suspension of in- 
fected cord and developing paralysis 
were found to have developed neutraliz- 
ing antibodies by the first day of per- 
ceptible disease. The animals which re- 
mained well also developed antibodies 
when tested four weeks after inocula- 
tion. These antibody determinations 
were carried out in mice using the Lan- 
sing strain, which is antigenically re- 
lated to the Y-SK. The procedure and 
typical results with monkey serums 
have previously been described in some 
detail.§ 

6. von Magnus, H. and Melnick, J. L. 1948, J. 

Immunol. 60: 583-596. 
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In view of the earlier literature, it was 
surprising to find even two of nine con- 
trol animals paralyzed after receiving 
these relatively small doses of virus in- 
travenously. There was no striking dif- 
ference in this group and the four of 
seven vaccinated monkeys. It is diffi- 
cult to believe that the saline inocula- 
tion of the control animals had any 
bearing on the outcome. The number of 
experimental animals was too small for 
statistical evaluation. 


Experiments in cynomolgus 
monkeys fed virus 


ys orally infected. 


Three experiments were carried out 
with Macaca cynomolgus (M. irus) in 
which the temporal relationships of 
vaccination to time of virus feeding 
were varied. These are indicated in 
table 2. Of 19 monkeys vaccinated in 
the upper part of the right arm before 
and/or after the virus feeding, seven de- 
veloped the paralytic disease. Of 21 
control monkeys which were fed virus 
but not vaccinated, ten developed para- 
lytic poliomyelitis. Not only was there 
no difference in incidence of poliomye- 
litis in the two groups, but the vacci- 
nated animals did not preferentially de- 
velop paralysis in the vaccinated limb. 








Vaccination experiments 
in chimpanzees 

Because poliomyelitis in chimpanzees 
appears to be the closest analogue to the 
disease in man, two experiments were 
carried out in these animals. 

In the first, four animals were fed 
Y-SK virus on two consecutive days, as 
previously described.? Then on the 3rd, 
6th, 9th, and 23rd days, two of the 
chimpanzees were inoculated in the 
right biceps or triceps with 1 ml of per- 
tussis vaccine combined with diph- 
theria-tetanus toxoids (Squibb). There 


yelitis virus 


Nonvaccinated controls fed poliomyelitis virus 
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Number of 
monkeys 


70 


or 


Exp. III 


V =Lederle pertussis + National 


Pap t . 
V =Vaccine: Leder! em, 0.6 





Exp. Il 
V =Squibb combined pertussis, 


htheria, tetanus, 1 ml IM. 


P =Poliomyelitis virus, 10% 
rtussis, 1 ml IM. 


liomyelitis virus, 20 


Y-SK, 3 ml per day. 


DP 








ml] IM +0.4 ml § 
Y-SK, 3 ml per day. 
Y-SK, 7 ml per day. 


P =Poliomyelitis virus, 10% cord 


di 
IM, intramuscular. SQ, subcutaneous. All inoculations were made in the upper part of the right arm. 


7. Melnick, J. L. and Horstmann, D. M. 1947, 
J. Exper. Med. 85: 287-303. 


Totals: Vaccinated animals fed poliom 


p =Po 





VACCINATION IN PROVOKING POLIO 


were no evidences of clinical poliomye- 
litis in any of the four animals. How- 
ever, in accordance with past experi- 
ence of this laboratory, all four animals 
were subclinically infected, as shown by 
the development of antibodies to the 
Y-SK strain six weeks after the virus 
feeding. 

In view of clinical observations that 
most of the postvaccination poliomye- 
litis cases were grouped around a period 
of nine to 18 days after vaccination, 
Burnet® has suggested that the inflam- 
matory response around the vaccine 
might involve small nerves or their ter- 
minals, producing a change in the nerve 
cells in the corresponding region of the 
spinal cord and rendering them highly 
vulnerable to infection with poliomye- 
litis virus. A second experiment was 
therefore carried out with the antigeni- 
cally unrelated Brunhilde strain, in 
which two animals were inoculated with 
pertussis vaccine (1 ml of Lederle plus 
1 ml of National Drug) in the left bi- 
ceps. The pertussis vaccination was re- 
peated on the seventh day. On the 
eighth, ninth, and tenth days Brun- 
hilde virus was administered to all four 
animals. On the 18th day, the first two 
chimpanzees received another inocula- 
tion of the vaccine. Again no animal de- 
veloped any clinical signs of poliomye- 
litis. 


Experiments with Lansing polio- 
myelitis virus in mice 

Experiments were carried out to de- 
termine whether pertussis vaccination 
could influence the disease in mice by 
increasing either the titer or the periph- 
eral invasiveness of the virus. With 
pertussis vaccine (Squibb) inoculated 
intraperitoneally (0.2 ml) and intra- 
muscularly (0.1 ml in right leg), it was 
found that: (1) The intracerebral titer 


8. Burnet, F. M. 1950, cited in editorial, Brit. 
Med. J. 1: 1004-1005. 
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of Lansing virus was not influenced 
when mice were inoculated one day be- 
fore and nine days after with pertussis 
vaccine. (2) Lansing virus did not pro- 
duce paralysis when inoculated intra- 
peritoneally or intramuscularly into 
mice vaccinated with pertussis simul- 
taneously, previously, or subsequently. 
(3) Inoculation of Lansing virus intra- 
cerebrally into mice vaccinated in the 
muscle of the right leg did not increase 
the incidence of paralysis in this limb. 
This was true regardless of whether 
mice received 1, 10, or 100 IDgo doses of 
virus. 

There was no evidence from our ex- 
periments that the interval between the 
injection of virus and the onset of pa- 
ralysis was shorter in mice previously in- 
oculated with pertussis vaccine. This is 
contrary to the reports of Findlay® and 
Milzer,!® who, however, in their work, 
used different antigen preparations. 
Also, in one laboratory® a different route 
of antigen administration was used, and 
in the second,'® different temporal rela- 
tionships between virus and vaccine ad- 
ministrations. 


Experiments in mice with spontaneous 
encephalomyelitis virus 
(Theiler's TO virus) 

Among the explanations that can be 
offered for the fact that a higher inci- 
dence of paralytic poliomyelitis may oc- 
cur in children vaccinated against per- 
tussis, is that the vaccine had activated 
latent poliomyelitis virus in these chil- 
dren. Since it had been demonstrated 
that latent herpes simplex encephalitis 
in rabbits can be activated by anaphy- 
lactic shock," it seemed pertinent to de- 


9. Findlay, G. M. and Howard, E. M. 1950, J. 
Path. Bact. 42: 371-382. 

10. Milzer, A., Weiss, M. A. and Vanderboom, 
K. 1951, Proc. Soc. Exper. Biol. & Med. 77: 
485-488. 

11. Good, R. A. and Campbell, B. 1948, Proc. 
Soc. Exper. Biol. & Med. 68: 82-87. 
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termine the effect of a sensitized state 
induced either by pertussis or horse 
serum injections on latent Theiler’s en- 
cephalomyelitis of mice. 

For these experiments four- to 5- 
week-old mice proven to be intestinal 
carriers of virus were used.” One group 
of 30 mice received repeated intraperi- 
toneal injections of pertussis vaccine 
(Squibb, 0.5 ml), and as a control a sec- 
ond group of 24 mice received normal 
horse serum (0.5 ml). Each animal re- 


ceived four infections, one every second 


day. After a rest period of one week, the 
animals were challenged, each group 
with its own Some animals 
died of anaphylactic shock in both 
groups shortly after the injection. Of 
the surviving mice which had received 
the pertussis vaccine, eight were tested 
for sensitivity to histamine," and five 


vaccine. 


12. Theiler, M. 1941, Medicine, 20: 443-462. 
13. Parfentjev, I. A. and Goodline, A. 1948, J. 
Pharmacol & Exper. Therap. 92: 411-413. 
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of the eight mice proved to be sensitive. 
Just before the challenge was given, 
feces were collected from all the mice, 
and virus was again found in both of 
the groups. In spite of the fact that 
these mice were proven to be latent car- 
riers of virus and to be hypersensitive to 
the vaccine used, there was no effect on 
the incidence of clinical myelitis. None 
of the mice developed paralysis in the 
ensuing observation 
month. 


period of one 


CONCLUSIONS 


In the present experiments on chim- 
panzees, monkeys, and mice, the occur- 
rence of paralysis was not enhanced by 
the vaccination procedure. Our nega- 
tive results in these experiments de- 
vised to demonstrate the relationship of 
vaccination and poliomyelitis do not 
discredit the possibility of such an as- 
sociation. Other mechanisms than those 
which we have explored here may un- 
derlie the observations made in man. 
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The pattern of resistance of bacteria 
to antibiotics has aroused much inter- 
est. Resistance in fungi, however, has 
not been studied extensively, possibly 
because of the limited number of anti- 
biotics possessing antifungal activity. 
The research presented in this paper 
undertaken to find whether the 
patterns of resistance which may exist 
in the fungi have any relation to those 
known for bacteria. 


was 


With streptomycin and penicillin the 
change from sensitivity to resistance is 
considered to be due to mutation, the 
antibiotics acting as selective agents 
eliminating the sensitive forms and al- 
lowing the resistant mutants to multiply 
(Demerec, 1949). The pattern of in- 
crease in resistance is characteristic for 
the antibiotic and not for the specific 
organism. Thus, for penicillin the first- 
step mutants are fairly uniform in de- 
gree of increase and only slightly higher 
in resistance than the original strain. 
Demerec (1949) has stated that at least 
two mutations in the same organism 
are necessary for a significant increase 
in resistance and that the chances of 
this occurring 110~* per 
bacterium generation, since the 
mutation rate is low, about 110- per 
bacterium per generation. The genes for 
resistance to penicillin have a similar 
potency, so that the mutation of each 
gene gives a stepwise, slightly increased 
resistance. 


are only 
per 
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With streptomycin the variation in 
resistance gained by first-step mutants 
is very great, being all the way from 
slight to high resistance in one mutation 
step. From this one may infer that the 
genes vary greatly in potency and that 
the mutation of a high potency gene 
may give complete resistance in one 
step. Newcombe and Hawirko (1949) 
gave the mutation rate for streptomycin 
resistance in Escherichia coli as 1X10~° 
per bacterium per division cycle. Eng- 
lish and McCoy (1951) gave a value in 
the same general range, 1 to 6.710~°, 
for Micrococcus pyogenes var. aureus. 
Resistance to streptomycin and to 
penicillin is typical of mutation in that 
it is permanent during serial transfer in 
nonantibiotic mediums (Murray et al, 
1947; Bellamy and Klimek, 1948). 

Resistance of M. pyogenes var. aureus 
to bacitracin rises steadily with serial 
contact with the antibiotic and tends 
to level off at a titer about 50 to 60 
times that of the original (Stone, 1949). 
Resistance, however, is not permanent, 
as is shown by a rapid loss of resistance 
during daily transfer in bacitracin-free 
medium. 


MATERIALS AND METHODS 


The antibiotic used for these experiments is 
produced by bacillus B-40, resembling Bacillus 
subltulis, and is active against both gram-positive 
and -negative bacteria and against several of the 
yeasts and yeast-like fungi, including Candida 
albicans. The strain of C. albicans used came from 
Dr. L. J. Wickerham of the Northern Regional 
Research Laboratory and is carried by him under 
the strain number 477. 

Antibiotic broths were produced in shake flask 
cultures by bacillus B-40 in a glucose, corn steep, 
soyabean meal, carbonate medium. At age of 15 
to 24 hours the broths were adjusted to pH 4, 
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steamed, centrifuged and the supernatant filtered 
through a sterile Seitz filter. For the work re- 
ported here this crude preparation was satis- 
factory. Further work in purification of the anti- 
biotic is being done, however, both by the writer 
and by Mr. John W. Daniel, Jr., of the Bio- 
chemistry Department of this university. 

A dilution assay with cultures in glucose 1%, 
yeast extract 0.5% broth at pH 4 was used, be- 
cause C. albicans grows well and the antibiotic is 
stable at this pH. Tubes containing 5 ml of the 
above broth are sterilized. Five ml of the sterile 
antibiotic sample are added to 5 ml of assay 
broth (both at pH 4) and the contents shaken. 
Five ml of this mixture are then added to a second 
5 ml assay broth and the contents shaken. This 
procedure is repeated so as to give dilutions of the 
original antibiotic sample of 1:2, 1:4, 1:8, etc., 
up to 1:2048. In the range of dilutions between 
1:100 and 1:1000 the difference between anti- 
biotic concentrations in the tubes becomes suf- 
ficiently large so that three additional dilutions 
are added to the series for greater precision of the 
assay. An aliquot of 0.05 ml of the 1:4 dilution 
is added to 5 ml of assay broth to give a dilution 
of approximately 1:400, and similarly 0.05 ml 
of the 1:8 dilution is added to 5 ml assay broth 
to give approximately a 1:800 dilution. A dilution 
of about 1:700 is obtained by adding 0.5 ml of 
the 1:64 dilution to 5 ml of assay broth. 

The dilution tubes are inoculated with a 
standard loop from an 18-hour stationary culture 
of C. albicans and then incubated at 37 C for 48 
hours. Readings are taken at both 24 and 48 
hours for those tubes which show complete in- 
hibition of growth of the organism. Thus the 
dilution unit is the least concentration of the 
antibiotic which will still inhibit growth. For 
lack of a purified product on which to base a unit 
by weight, the dilution unit for complete inhibi- 
tion of growth at the above time of reading had 
to be used in the present work. 


EXPERIMENTAL RESULTS 


When readings of the antibiotic assay 
tubes are taken every 24 hours, a phe- 
nomenon of shifting end point is noted. 
Growth appears, on successive readings, 
in the presence of greater and greater 


concentrations of the antibiotic; see 
figure 1, data for the sensitive strain. 
If the logarithms of the dilution units 
of antibiotic are plotted against days of 
incubation, a straight line is obtained. 
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In other words, in the presence of in- 
creasing concentrations of the anti- 
biotic the lag period of growth is also 
increased. Filtrates of the 48-hour dilu- 
tion assay tubes, if reassayed, show the 
same antibiotic activity as in the orig- 
inal assay. Thus destruction of the 
antibiotic cannot explain the secondary 
growth in the later readings. 

Resistant strains of C. albicans were 
obtained by growing the organism in 
the presence of the antibiotic at two 
levels, i.e., at maximum antibiotic 
concentration which would allow slight 
growth and also at a concentration well 
below that required for inhibition. A 
dilution series from an antibiotic prep- 
aration which showed an activity of 
500 dilution units at 24 hours was in- 
cubated at 37 C for 72 hours. At this 
time growth appeared in all tubes ex- 
cept the 1:2 dilution tube. The 1:4 
dilution tube was then used as the in- 
oculum for another series, with the same 
antibiotic preparation. At the end of 48 
hours of incubation growth appeared in 
all of the tubes with 1:8 or greater dilu- 
tion. The 1:16 dilution tube of this 
series was again used for inoculation of 
a series. At the end of 48 hours of in- 
cubation growth had appeared in all 
but the 1:2 dilution tube. The 1:4 
dilution tube was subcultured onto agar 
slants containing no antibiotic, and af- 
ter 24 hours of incubation these were 
stored in a refrigerator and used as stock 
cultures of possible resistant C. albicans 
strains. These results are summarized in 
figure 1. 

Resistant cultures were also obtained 
by subculturing from those tubes in 
the dilution series in which the anti- 
biotic concentration was much less than 
that required for inhibition. In an anti- 
biotic dilution series in which the in- 
hibitory level was at a dilution of 1:128 
at 48 hours, the 1:1000 dilution tube 
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Dilution Series 1 


Readings 


1 

] 

1 
1:32 
1:64 
1:128 

1:256 

1:512 

1:1024 4 


Fic. 1. 


was used for inoculum for another series 


which antibiotic 


used the same stock 
preparation. This second set of dilution 
tubes gave growth at a dilution of 1:4 
at 24 hours of incubation and maximum 
growth by 48 hours. 

Since the time of reading the dilution 
is fixed at 24 hours and 48 hours 


after inoculation, a striking difference 


assay 


is found in the concentration at which 


the 


inhibited at these 


particular times. This is illustrated in 


two torms are 
figure 2, in which the resistant and sen- 
sitive strain have both been allowed to 
grow in the presence of dilutions of the 
2000 


antibiotic up to approximately 
units. By 48 hours growth had occurred 
in all the dilution 


tubes in which the 
resistant strain had been inoculated and 
only in the 1:2050 tube of the sensitive 
culture. If the dilution tubes are incu- 
bated long enough so that secondary 
growth arises in the sensitive culture, 
for example after 6 days in the presence 
of 2000 units of antibiotic per ml (see 
fig. 2), a subculture of it will show that 
the secondary growth is, in fact, resist- 
ant. 

The pattern of growth of a resistant 
culture is illustrated in figure 2, in which 
is shown the growth of the sensitive and 
resistant strains in the presence of anti- 
:2 to 1:2000. 
The graph for the resistant culture is 


biotic in dilutions from 1 
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>» Sertes 2 > Series 3 


Readings 
48 hr. 


Readi ngs 
48 hr. 
Resistant 


*stock 


+ + 


Scheme for deriving strains of C. albicans that show resistance to antibiotic B-40. 


the same, no matter in which way the 
resistant strain is derived. 

Resistance in C. albicans may, then, 
be defined as the ability of the organism 
to grow more quickly in the presence of 
high concentrations of antibiotic than 
does the original culture. From this it is 
inferred that the action of the antibiotic 


Susceptible 
c- albicans 


UNITS PER ML 


ANTIBIOTIC DIL. 


102) Pa 
2050¢ Vv 
1 3 4 

DAYS OF INCUBATION 








Fic. 2 \ 


antibiotic-resistant and an antibiotic-susceptible 


comparison of the growth of an 


strain of C. albicans in the presence of approxi- 


mately 2000 dilution units of antibiotic, 








286 ». CASIDA, JR. 
is largely fungistatic but not entirely so. 
In the stock-sensitive strain about 25 to 
35° of the cells are killed by a con- 
centration such as 128 units of the anti- 
biotic per ml. This was shown by letting 
cells stand with the antibiotic for two 
hours, then diluting out the suspension 
and making plate counts. 


This antibiotic resistance in C. albi- 


Fic. 3 Yeast phase growth of C, all 


cans is relatively permanent but not 


completely so, as was shown by contin- 
uous subculture in absence of the anti- 
biotic everv 24 hours on agar slants at 
vat & 


until approximately 40 transfers 


had been made. The final culture was 


able to grown in the presence of a 1:32 


dilution of the antibiotic stock prepar- 
within 48 


he original resistant culture grew in a 


ation hours of incubation. 
1:2 dilution with 48 hours of incubation. 
hus the transferred culture lost re-ist- 
16-told in 
whose original resistance was 64 times 


ance bv a factor of a culture 


that of the suse eptible control. 
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Morphological variations accompanying 
resistance 

Cultures of C. albicans which are able 
to grow in the presence ol this antibiotic 
undergo morphological variation both in 
cellular and colony form. Cultures used 
for inoculum of the antibiotic dilution 
assay are largely in the veast phase (it 
will be remembered that C. albicans may 
exist in either veast or mycelial phase) 
hose cells that are able to grow in the 
presence ol the antibiotic are converted 
to the mycelial phase, concurrent with 
the ac quired resistance to the antibiotic. 
The veast phase of growth is shown in 
figure 3, and the mycelial phase induced 
by the antibiotic in figures 4 and 5. The 
mycelium grows as balls of cells in the 
bottom of the liquid. It resembles some- 
what pellets of mold grown in shake 
flask culture. It is typical of the litera- 
the 
mycelial phase, except somewhat lack- 


ture description of C. albicans in 


ing in nonantibiotic 


broth 


blastospores. In 
the sensitive strain grows in a 
veast phase, although in week-old sta- 
tionary cultures a mat of submerged 
mycelium may form, which breaks up 
readily upon shaking and_ liberates 
blastospores. The resistant strain under 
these conditions forms a firm interwoven 
mat of submerged mycelium that does 
not break up upon shaking. 

Giant colonies of the resistant strain 
on Sabouraud’s agar differ strikingly 
from the control, and they resemble 
somewhat the dissociated cultures de- 
scribed by Mackinnon (1940), who found 
them occurring naturally, and by Mickle 
and Jones (1940), who found them by 
growing C. Sabou- 


raud’s broth with0.25; lithium chloride. 


albicans serially in 
Figure 6 shows the control sensitive 
culture and figure 7 the resistant form 
at age 7 days. The old mycelial colony 
is rather hard and dry and can easily 
be lifted intact the It is 
made up of interwoven mycelium, lack- 


from agar. 
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Fics. 4 and 5.—- Mycelial phase growth induced by the antibiotic. 


ing blastospores. The typical forms ol with or without the antibiotic, but the 
the colonies hold for the sensitive and roughness isenhanced by even subinhib- 
the resistant cultures, whether the cul- — itory levels of the antibiotic. 


tures are plated on Sabouraud’s agar An experiment was set up to test 
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Giant colony of antibiotic-resistant strain of C. albicans. 


whether cultures dissociated by lithium the antibiotic as they acquire the my- 
chloride by the method of Mickle and — celial phase. Broth, as used in antibiotic 


Jones (1940) would acquire resistance to dilution assays, containing 0.25% lithi- 
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um chloride was adjusted to pH 4 and 
inoculated with the sensitive C. albicans 
culture. This culture was incubated 24 
hours at 37 C and then subcultured to 
fresh medium of the same type. After 
36 such transfers the culture was as- 
sayed against the antibiotic in the ab- 
sence of lithium chloride and was found 
to have an increase in resistance to the 
antibiotic four times that of a stock 
culture run concurrently in plain medi- 
um. The inoculum used for this assay 
was also grown in the absence of lithium 
chloride. These data appear in table 1. 

Lithium chloride in the assay broth 
itself also decreases the sensitivity of 
C. albicans to the antibiotic, on the part 
of either sensitive or resistant cultures. 
Also, the culture which has been pre- 
lithium 
chloride broth shows the same sensitiv- 
ity to the antibiotic whether lithium 
chloride is or is not present in the assay 
broth. These data also appear in table 1. 

From the experimental results pre- 
sented it would appear that dissociation 
of C. albicans, whether induced by the 
antibiotic or by lithium chloride, leads 
to a state of resistance to the antibiotic. 
Since dissociated strains of C. albicans 


viously serially transferred in 


have been reported to be less virulent 
at least for rabbits (Mackinnon, 1940; 
Mickle and Jones, 1940), perhaps an 
antibiotic such as B-40 may be of value 
in dissociating the pathogen to a less 
virulent form with which the body can 
then contend. 


SUMMARY 

Studies are presented on the resist- 
ance developed by Candida albicans to 
a new antifungal antibiotic produced 
by a bacillus B-40, resembling Bacillus 
subtilis. This resistance manifests itself 
as a decrease in the lag period before 
C. albicans is able to grow in the pres- 
ence of the antibiotic. The lag period 
varies with the logarithmic function of 


TABLE 1.—Effect of lithium chloride on 
antibiotic resistance. 


Arsay in normal Assay in LiCl 
Culture broth broth 


24 hr. 





48hr. 24hr. 48hr. 
Stock—not grown with LiCl 

Sensitive 1:128* .32 1:32 & 

Resistant 1:16 :2 1:2 1: 
After 36 transfers in 

0.25% LiCl broth 1:32 1:8 1:32 a3 


* Highest dilution giving complete inhibition. 


antibiotic concentration, and the anti- 
biotic is not destroyed during growth. 
Only a fraction of the cells are killed 
outright by the antibiotic. 

Strains of C. 
this antibiotic can be easily developed 
by subculturing from the greatest anti- 
biotic concentration at which growth 
will occur or by subculturing in series 
from growth occurring at levels of anti- 
biotic well below the inhibitory level. 
After transfer 40 times in the absence of 
antibiotic, a resistant culture shows a 
partial loss, i.e., 16 times in a culture 
whose original resistance was 64 times 
that of the sensitive parent. 

Resistance 


albicans resistant to 


to the antibiotic is ac- 

companied by conversion of the normal 

yeast phase of growth of C. albicans to 
strong’y mycelial growth, both in broth 
culture and in giant colonies on agar. 

This morphological variation resembles 

that which occurs in dissociated strains 

of C. albicans both at random in a nor- 
mal population and during serial trans- 
fer in lithium chloride broth. Cultures 
dissociated by the latter procedure ac- 
quired moderate resistance to the anti- 
biotic. 
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THE CHANGING PICTURE OF ENCEPHALITIS IN THE YAKIMA 
VALLEY, WASHINGTON 


W. ¢ 


During the past ten years the epi- 
demiology of the arthropod-borne viral 
encephalitides has been studied inten- 
sively in a number of geographical areas. 
The Yakima Valley of Washington was 
the first of these areas from which suffi- 
cient information became available to 
allow an understanding of some of the 
principal epidemiological factors which 
lead to infection of the human and 
equine hosts. 

The early studies in this area were 
carried out during the epidemic years 
of 1940,'? 1941, and 1942.4 Here West- 
ern equine and St. Louis viruses first 
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were isolated from naturally infected 
mosquitoes. During the succeeding 
years of 1943 through 1950 epidemics 
did not recur, yet a study made in 1944® 
provided evidence of high virus infec- 
tion rates in Culex tarsalis Coquillett, 
indicating that both Western equine 
and St. Louis viruses were at a hyper- 
endemic level in their natural cycles in 
the lower animals. 

In spite of the ready availability of 
the infectious agents in the vector in 
1944, the number of recognized clinical 
cases in man or horse was minimal. A 
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plausible explanation, at least partially 
supported by evidence, was that the 
extensively exposed resident human and 
equine populations had been immun- 
ized through inapparent infection. As a 
result, the probability of occurrence of 
clinical infection had been brought down 
to a very low level. That such a phe- 
nomenon would not occur in the avian 
hosts was to be expected because a large 
number of susceptible birds is hatched 
every year and the life of these hosts 
is relatively short. These two factors 
combined to prevent a material accumu- 
lation of immune birds. 

During this latent period (through 
1944), there had been no observable al- 
teration in the abundance of mosquito 
vectors, or of vertebrate hosts, or in 
environmental factors. Any of these 
alterations would have served as an 
explanation of the changed epidemio- 
logical picture. 

In 1948 circumstantial evidence came 
to our attention indicating a change in 
one factor probably affecting the epi- 
demiology of encephalitis in this area: 
a marked decline in vector population. 
Correspondence from persons in tbe 
Yakima Valley pointed out that the 
widespread use of the new insecticides, 
principally DDT, on agricultural crops 


TABLE 1.— Yearly incidence of clinically recognized 
cases of encephalitis in the Yakima Valley, Wash- 
ington during the summer months (May through 
September, 1938-1949) .* 


Number of 
deaths 


Number of 
cases 


Case fatality 
rate, percent 


Year 
1938 Unknown 
1939 Unknown 
1940 § 13 22 
1941 3 10.7 


1942 
1943 
1944 
1945 


7. 


1946 
1947 
1948 
1949 


Conroe wuren 


* Based on records of the Washington State Health Dept 
+t Confirmed as Western equine by laboratory tests. 
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had cut down the mosquito population 
noticeably. This modified situation was 
believed by us to offer an opportunity 
for evaluating the possible control of the 
arthropod-borne viral 
through vector control. 

Investigations 
tween August 2 


encephalitides 


were conducted be- 
and August 15, 1949. 
On the basis of past experience in this 
area, it that this was 
likely to bé the period of most active 
vector transmission of the encephalitis 
viruses. 


was believed 


The incidence of clinical infection in 
man and horse in recent years was 
studied, and blood specimens were col- 
lected to determine the incidence of 
neutralizing antibodies to the encephali- 
tis viruses in wild and domestic avian 
hosts. Plans to collect blood specimens 
from the 
tunately 


unfor- 
successfully com- 


human 

not 
pleted. Possible mosquito and mite vec- 
the 
prevalence of viruses in these arthropod 
vectors. 


population 
were 


tors were collected to determine 


In the following sections:evidence is 
presented that a change had taken place 
in the environment and vectors and the 
immunological status of avian hosts, in- 
fluencing the epidemiology of the viral 
encephalitides in the Yakima Valley. 


Clinical and inapparent infection 
in vertebrate hosts 


Man 


Historically, four epidemics of West- 
ern equine and St. Louis encephalitis 
have been recognized in this area—in 
the summers of 1939, 1940, 1941, and 
1942.!-4 The attack rates were highest 
in 1940 (62.7 per 100,000) in Yakima 
County exclusive of Yakima City; the 
attack rate was 44.1 per 100,000 in the 
city. Since 1942 relatively few clinical 
cases have been recognized as possible 
representatives of this group of infec- 
tions (table 1). Of the 26 cases re- 
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ported,’ the diagnoses in only two were 
confirmed by laboratory tests, and these 
were of the Western equine type. Sero- 
logical tests were made in a few of the 
remaining 24 cases, but the number 
tested and the results obtained are not 
available to us. During this seven-year 
period (1943-1949), in only one year, 
1946, did the number of cases approach 
epidemic proportions. 

In the period 1943 through 1949 the 
case fatality rate was unusually high— 
53.8% (table 1). The case fatality rate 
for the epidemic period 1940 through 
1942 was only 15.8%. This apparent 
sharp rise might well be attributed to 
failure to report mild cases or to mis- 
diagnosis of a number of cases of en- 
cephalitis. In spite of these possibilities, 
it must be concluded that the inci- 
dence of clinically recognized encepha- 
litis dropped markedly in this area. 

As previously mentioned, a possible 
explanation of this decrease in the inci- 
dence of clinical infection is the immu- 
nization of a substantial proportion of 
the population as a result of subclinical 
infection. There is some evidence in 
earlier studies to support this idea. In 
1941° and 1942, 51.9% of the serums 
obtained in this area from over 100 resi- 
dents with no history of clinical en- 
cephalitis contained neutralizing anti- 
bodies to the St. Louis virus. At the 
same time only 3.9% of 127 residents 
had antibodies to the Western equine 
virus. Yet in 1944,® 29.3% of serums 
from 24 normal persons had Western 
equine antibodies; these were not tested 
against St. Louis virus. Unfortunately, 
these figures cannot be adjusted by 
available data for duration of residence. 
Significance, therefore, is somewhat 
questionable. A high proportion of 
positive serologic reactions in a popu- 
lation, together with a low clinical at- 


7. Records of Washington State Health Dept. 
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tack rate, apparently characteristic of 
these viruses, would be expected to 
lead to the occurrence of very few clini- 
cal cases, even though the infectious 
agents were commonly present in the 
natural hosts and vectors. This might 
be advanced as one of the cardinal 
characteristics of the epidemiology of 
these two encephalitides in most areas 
where they have been established for 
some time. In a stable population, it 
would be reflected in a low age distribu- 
tion of the observed cases, such as oc- 
curs in Japanese B encephalitis in Japan 
and Okinawa.® 

In the period 1940 to 1950, the popu- 
lation of Yakima County rose 36.5% 
and the population of the city of Yakima 
increased 41%.* One could expect that 
many immigrants to this area came from 
nonendemic areas and would be sus- 
ceptible, as has been,observed of im- 
migrants into another endemic area, 
Kern County, California.’® The rise in 
population due to resident births might 
be expected to include a high proportion 
of children of immune mothers. These 
children would be protected temporarily 
by maternal antibodies. Unfortunately, 
data are not available on precisely when 
the population grew, but probably the 
expansion was greatest in the postwar 
period, the same time in which the 
mosquito factor in the infection chain 
began to be affected, as will be discussed 
later. A study of the immunity status 
of persons who were residents of the 
Valley at the time of population growth 
might have clarified this problem. 

At the time of this study the age 
distribution of reported cases (table 2) 


8. Tigertt, W. D.and Hammon, W. McD. 1950, 
Japanese B encephalitis: a complete review 
of experience on Okinawa 1945-1949. Am. J. 
Trop. Med. 30: 689-722. 

9. U. S. Census Report, 1950. 

10. Hammon, W. McD. and Reeves, W. C. Un- 
published data. 
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TABLE 2.—Age distribution of reported cases of 
encephalitis, Yakima Valley, Washington. 


1940 1942 1943-1949 


Age group 


5 
1 
14 
19 
29 


2Ow 


39 
49 
59 11 
20 
Unknown 0 


N me 
oe! Oe ne ~Nowe! & 
= 
nN YUN Nw 
RMUMwN Wee ew 


Totals 58 
Mean age 46 


nN 
- 
|} en 
| Aoi 
Cow 


had not shifted materially from that 
noted in earlier years:'~* the mean age 
is 39 years; it had been 46 for 1940, 24 
for 1941, and 36 for 1942. This does 
not clarify the immunity status of the 
population, as no information was avail- 
able on how long those with clinical 
infections had been residents of the area. 

In the early years of epidemic en- 
cephalitis in this area, many of the pa- 
tients were susc@ptible migratory fruit 
pickers. A decrease in 
migratory labor in later years might 
have lowered significantly the number 
of susceptible persons working at an 
occupation where they were most like- 
ly to be exposed to infection. 


considerable 


Horses 
Clinically recognized infection in 
horses has closely paralleled that in 
man. A conspicuous epizootic broke 
out in 1939, when it was estimated that 
there were over 500 cases of equine en- 
cephaiomyelitis.® In succeeding years, 
the number of reported cases has pro- 
gressively diminished. In 1949 only 
three suspected cases were encountered 
by veterinarians. The reported number 
has decreased in spite of the fact that 
more veterinarians are practicing in the 
area, thus enhancing the chances of 
cases being observed. The horse popu- 
lation has remained relatively constant 
during the past ten years. At the same 
time, the proportion of horses vacci- 
nated against Western equine encepha- 
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litis has decreased each year. The local 
veterinarians agreed that in 1949 less 
than 1000 of the estimated 4500 horses in 
the Yakima Valley had been vaccinated. 

In 1941, 100% of a sample of 18 nor- 
mal unvaccinated horses had serum 
neutralizing antibodies to the Western 
equine virus, and 85% of 27 had neu- 
tralizing antibodies to the St. 
virus." 


Louis 


It appears that accumulated immu- 
nization, largely due to inapparent in- 
fection, has played a major role in 
cutting down the clinical attack rate 
in horses. Once again, as in man, this 
might be considered an epidemiological 
characteristic of the Western equine 
infection in horses in an endemic area. 


Birds 

It is generally accepted that birds are 
of primary importance as the principal 
vertebrate hosts of Western equine and 
St. Louis viruses. The infection in birds 
is typically an asymptomatic, transient 
infection with a viremia of short dura- 
tion, followed by rapid development of 
serum neutralizing antibodies."-™ Dur- 
ing viremia, birds serve as a source of 


11. Hammon, W. McD., Lundy, H. W., Gray, 
J. A., Evans, F. C., Bang, F. and Izumi, 
=. M. 1942, A large-scale serum neutralization 
survey of certain vertebrates as part of an 
epidemiological study of encephalitis of the 
Western equine and St. Louis types. J. 
Immunol. 44: 75-86. 

. Hammon, W. McD. and Reeves, W. C. 1946, 
Western equine encephalomyelitis virus in 
the blood of experimentally inoculated chick- 
ens, J. Exper. Med. 83: 163-173. 

. Hammon, W. McD., Reeves, W. C. and 
Izumi, E. M. 1946, St. Louis encephalitis 
virus in the blood of experimentally inocu- 
lated fowls and mammals. J. Exper. Med. 
83: 175-183. 

. Hammon, W. McD., Reeves, W. C. and 
Sather, G. E. 1951, Western equine and St. 
Louis encephalitis viruses in the blood of ex- 
perimentally infected wild birds and epi- 
demiological implications of 


findings. J. 
Immunol. 67: 357-367. 
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vector infection. In a study of the 
epidemiology of these infections, the 
prevalence of serum neutralizing anti- 
bodies is a most useful index of the cur- 
rent activity of these viruses in an area. 

During 1941, a large-scale serum neu- 
tralization survey was made of Yakima 
Valley birds." The incidence of West- 
ern equine and St. Louis antibodies was 
high. In 1949, a series of blood speci- 
mens from the same 
species of birds. It should be empha- 
sized that in the 1949 series the majority 
of birds sampled were less than one year 
of age, whereas in the previous study 
all age groups were included. The re- 
sults of neutralization 


was obtained 


these 
blood specimens are presented in table 
4. 


There was very little serologic evi- 


tests on 


dence of Western equine virus infection 
during 1949. Only 1% of the specimens 
tested were positive, as compared with 
24.5% in 1941 (table 4). It is interesting 
to note that the three species of birds 
that had Western equine antibodies 

Brewer blackbird, killdeer, and robin 

are all migratory species. Purely resi- 
dent species such as the chicken, pigeon, 
California Valley quail, Chinese ring- 
necked pheasant, and English sparrow 


TABLE 4. 


1941 
Number Percent 
tested positive* 


English sparrow & .0 
Brewer blackbird 13 0 
Killdeer 7 .6 
Robin 13 2 
Mourning dove 6 0 


Chinese ring-necked pheasant 8 25.0 
California Valley quail 10 .0 
Redwinged blackbird 5 0 
Pigeon 10 .0 
Chicken 31 oe 
Miscellaneous wild species 52 4 
Totals 163 5 


Western equine virus 
1949 


Number Percent 
tested positive* 
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TABLE 3.— Neutralization tests on Yakima bird 
blood serums collected in August, 1949. 


nai Western equine St. Louis 
Species +* +t 0 Total +* +¢ 0 Total 


English sparrow 5 3 S51 55 
Song sparrow a 7 7 
Brewer blackbird : 21 25 
Killdeer : 16 «20 
Robin 8 


Mourning dove 2 16 
Chinese ring-necked 
pheasant 0 7 10 
California Valley 
quail 
Pigeon 
Wilson snipe 


° 
+> 


Mallard duck 
Redwinged blackbird 
Hungarian partridge 
Bank swallow ¢ 
Barn swallow 


HPwehn be 
“ee 


Meadow lark 
Eastern kingbird 
Green winged teai 
Kingfisher 

Pacific nighthawk 


Renew 
— NN de 


Shrike 1 
Magpie 1 
Housefinch 2 
Chicken} 3 33 


nee 


1 
1 
1 
5 


4 


5 


Totals 28 271 302 2 260 


* Positive indicates a neutralization index of over 10. 
+ Equivocal indicates a neutralization index of 5 to 10 
¢ Collected in November, 1949. 


gave no perceptible evidence of pre- 
vious infection; the first four of these 
had had a high proportion of positive 
serologic reactions in earlier studies. 
These observations are interpreted as an 
indication of an extremely low level of 
Western equine virus transmission. 


Com parison of neutralisation test findings on serums of Yakima Valley birds 


collected in 1941 and 1949. 


St. Louis virus 


1949 
Number Percent 
tested positive* 


Percent 
positive* 


Number 
tested 

0 $2 

0 23 

.0 19 

14 

18 


* Percent positive calculated by excluding all equivocals from the totals; see table 3 for number of serums giving equivocal 


reactions. 
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TABLE 5.—Species and number of adult and im- 
mature birds of the Yakima Valley from which 
blood smears were examined for plasmodium 
parasites (collected in August, 1949). 


Number of birds examined 

Species era aE dies San ee 
Adult Immature Total 

Mallard duck 
Wilson snipe 
Killdeer 
Mourning dove 
Meadowlar 


Redwinged blackbird 
Brewer blackbird* 
Song sparrow 
English sparrow* 
Bank swallow 


Barn swallow 

Robin 

Chinese ring-necked pheasant 
California Valley quai 
Hungarian partridge 


Neue Noe 


Pigeon 
Miscellaneous speciest 


Totals 3: 427 


* One immature bird of this species was infected with 
Plasmodium relictum. 

t+ One or two birds of each of the following species were 
sampled: greenwinged teal, bluewinged teal, belted king- 
fisher, arctic three-toed woodpecker, pacific nighthawk, west- 
ern wood pewee, eastern kingkird, magpie, housefinch, vesper 
sparrow, sage sparrow, cassins finch, shrike, and longtailed 
chat. 


In tests for St. Louis antibodies, 
9.8% were positive, a higher proportion 
than was found with Western equine 
antibodies (table 4). However, it is con- 
siderably lower than the 25.8% positive 
for St. Louis antibodies found in 1941 
(table 4). St. Louis antibodies were 
found in both resident and migratory 
species. differences could be 
explained in at least two ways: 

1. The principal mode of transmission 
of these two viruses may be different. 
The St. Louis virus may be transmitted 
in several different ways or it may have 
multiple arthropod vectors, one of 
these is the same as for Western equine 
(namely, a mosquito vector, C. tarsalis). 
The observed reduced incidence of re- 
actions against the St. Louis virus could 
be the counterpart of the almost com- 
plete disappearance of Western equine 
antibodies. The continuing infection 
with St. Louis virus may represent a 
second vector or mechanism of trans- 


Th ese 


mission which Western equine virus 
does not have. 

2. A second explanation may be that 
the same basic method of transmission 
serves for both, but that the cycle of 
transmission of the Western equine 
virus is more readily affected by a 
change in conditions, such as a decline 
in vector population. 

In the present discussion, the perti- 
nent factor is the evidence of a reduction 
in infection in 1949 as compared with 
the earlier study period. 

In epidemiological studies in Kern 
County, California, avian malaria in- 
dices have been valuable as a measure 
of the frequency of mosquito feedings 
on wild birds.“ For comparison, 427 
blood smears from Yakima birds were 
examined (table 5). Only two immature 
birds were found infected with Plas- 
modium relictum. In contrast, in Kern 
County, California, avian malaria in- 
fection rates have been consistently 
high (from 10 to 50% positive) among 
most of the same species of birds. Un- 
fortunately, a suitable series of blood 
smears from the Yakima Valley for 
an earlier period are not available for 
comparison.* Epidemiologically, one 
would expect that a decrease in vector 
population to a level where feedings on 
birds were limited would be reflected in 
a parallel decrease in malaria transmis- 
sion and incidence of parasitemia. 


Vector infection 
Culex tarsalis 


Previous studies indicated that C. 
tarsalis is the principal mosquito vector 
* A short series of 52 blood smears from wild 
birds made in 1941 included three infected with 

Plasmodium sp. 

15. Herman, C. M., Reeves, W. C., McClure, 
H. E., French, E. M. and Hammon, W. McD. 
Studies in avian malaria in vectors and hosts 
of encephalitis in Kern County, California. I. 
Infections in avian hosts. To be published. 
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of Western equine and St. Louis en- 
cephalitis viruses in the Yakima Val- 
ley.*-*'6 During the current survey, this 
species was collected from August 2 
to August 15, 1949. A total of 3277 
females were tested for virus. Virus was 
not isolated, although more sensitive 
techniques of testing!’ were used than 
in earlier studies. A small sample of 
175 Culex pipiens Linnaeus was col- 
lected, and these were also negative on 
virus tests. 

These findings are impressive when 
compared with those in earlier investi- 
gations (table 6). Insofar as possible, 
mosquitoes were collected in the same 
locations as in earlier years. If the ratio 
of virus isolations to C. tarsalis tested 
in 1949 had been as high as in previous 
years, the expected number of isola- 
tions would have been 13 on the basis 
of previous average infection rates. 

For comparative purposes, a survey 
was made of avian malaria infection 
rates in two species of Culex. Of 346 C. 
tarsalis dissected, 1.4% harbored Plas- 
modium, while none of 70 C. pipiens 
were infected. These rates are very low 
as compared with average infection 
rates of over 10% found in C. tarsalis 
in Kern County, California.'? These 
findings, together with the previously 


16. Hammon, W. McD., Reeves, W. C., Brook- 
man, B. and Gjullin, C. M. 1942, Mosquitoes 
and encephalitis in the Yakima Valley, Wash- 
ington. V. Summary of cases against Culex 
tarsalis Coquillet as a vector of the St. Louis 
and Western equine viruses. J. Infect. Dis. 
70: 278-283. 

7. Hammon, W. McD., Tigertt, W. D., Sather, 
G. and Schenker, H. 1949, Isolations of Jap- 
anese B encephalitis virus from naturally 
infected Culex tritaeniorhynchus collected in 
Japan. Am. J. Hyg. 50: 51-56. 

. Reeves, W. C., Herold, R. C., Rosen, L., 
Brookman, B. and Hammon, W. McD. Stud- 
ies on avian malaria in vectors and hosts of 
encephalitis in Kern County, California. II. 
Infections in mosquito vectors. To be pub- 
lished. 
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TABLE 6.— Encephalitis virus isolations from 
Culex tarsalis collected in the Yakima 
Valley during four surveys. 


Ratio of virus 
isolations to 
mosquitoes 

tested* 


1:582 


Number of Number of 
mosquitoes virus 
tested isolations 


Year 





1941 
1942 

1944 
1949 


chout 3a opusiguenn, Unis capapeenns © asiaend bastion sone 
postulating only one infected specimen in a positive pool. 
described low incidence of plasmodium 
infection in birds, are believed to con- 
firm the fact that in 1949 C. tarsalis 
was feeding relatively infrequently on 
avian hosts. 

This leads to the question of why 
these changes took place. 


Vector population 
Mosquitoes 


Our earlier studies on vector popu- 
lations were available for comparison 
with current data. The mosquitoes of 
the area (19 species) and their ecology 
were known, and maps of permanent 
breeding areas were available. Earlier 
the mosquito population had been very 
large, as is expected in an agricultural 
area where an unlimited supply of cheap 
water is used for irrigation, where for 
a four-month summer period tempera- 
tures are high, and where no organized 
mosquito abatement practices are in 
effect. In 1949, none of these factors 
had been changed. On entering the 
Valley it was noted that the innumer- 
able permanent and semipermanent 
bodies of water, a most suitable en- 
vironment for C. tarsalis, still 
present. 


were 


As soon as collecting was begun, it 
was obvious that the mosquito popula- 
tion had changed materially since the 
earlier studies. Certain data may be 
used to illustrate these changes. New 
Jersey light traps had been used in 
1942 as one technique for sampling the 
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ABLE 7. 
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Number of female mosquitoes collected by New Jersey light traps, Yakima Valley, 


Washington, first two weeks in August, 1942 and 1949. 


Total collected 
Species 


1942* 1949* 
Culex tarsalis 

Culex pipiens 

Culiseta spp. 

Anopheles spp. 

Aedes dorsalis 

Aedes vexans 164 


* Twenty-two trials in 1942 and 19 trials in 1949. 


mosquito population. In the 1949 sur- 
vey, similar traps were run in the same 
areas. Table 7 illustrates the marked 
differences in average nightly collec- 
tions for the first two weeks of August 
in the two years. In 1942, the mean 
number of C. tarsalis collected per night 
was 109 and the median 67.5, while in 
1949 the mean was only 26.5 and the 
median 6.0. Other species, such as C. 
pipiens, Anopheles freeborni Aitken, 
Aedes dorsalis (Meigen), and Culiseta 
incidens (Thomson), had conspicuously 
decreased in numbers in the 1949 col- 
lections as compared with those of 
1942. 

Comparisons of records of adults col- 
lected in shelters for August, 1942, 
1944, and 1949 show the same change 
(table 8). These figures might be inter- 
preted as an indication that the num- 
bers found in 1949 were still relatively 
high, since a mean of 65 and a median 
of 29.5 C. tarsalis were found in the 
average collection. This interpretation 
is not justified, however, as the data 
do not reflect the innumerable searches 
of shelters in which no mosquitoes could 


rABLE 8. 


Total collected 
Species 


Mean number per trial 


Median number per trial 


1942* 1949* 1942* 





Mean number per collection 


67.5 
3.0 
18.8 . 10.0 
12.6 x 5.5 
22.7 ; 

7.5 ig A 


109.0 
4. 


be found in 1949 (negative collections 
were excluded from the study). In 1941, 
1942, and 1944, it was unusual to find 
premises on which mosquitoes could not 
be found in shelters. 

Although irrigation practices and 
availability of water had not changed, 
close inspection of flooded 
borrow pits, dredger pits, roadside 
ditches, river sloughs, tule sloughs, 
waste irrigation water collections, etc., 
rarely led to discovery of mosquito 
larvae. 

Several persons suggested that the 
general reduction in mosquitoes (and 
flies) resulted from widespread applica- 
tion of DDT as an agricultural insecti- 
cide. Insofar as could be determined, 
no effort had been made to gather the 
facts and to evaluate 
critically.!® 

The Yakima Valley is a very fertile 
area with between 400,000 and 500,000 
acres of irrigated land. Of this total, 


pastures, 


the situation 


19. Reeves, W. C. 1950, Yakima, Washington, 
controls mosquitoes and flies at no cost 
why can’t we? Proc. and Papers 18th Ann. 
Calif. Mosq. Control Assoc. pp. 13-15. 


Number of female mosquitoes collected in domestic shelters, Yakima Valley, Washington, 
August, 1942, 1944 and 1949. 


Median number per collection 





1944f 1949} 


1942* 


1944T 1949} 1942* 1944T 1949} 





1942* 
Culex tarsalis 1976 1570 2944 
Culex pipiens 114 376 
Culiseta spp. 59 
Anopheles spp. : 218 


141.1 


174.4 65.0 97.5 172.0 
8.4 2.5 11.0 
3.0 0.0 
7.5 0.0 


29.5 
2.0 


1 
4. 


3 
8 8 


* Fourteen collections made in period 8-3-42 through 8-20-42. 


+ Nine collections made in period 8-14-44 through 8-19-44. 


t Forty-five collections made in period 8-1-49 through 8-15-49. 





CHANGING PICTURE OF ENCEPHALITIS 


over 50,000 acres are planted with fruit 
trees and 60,000 acres are in small field 
crops. These are sprayed with insecti- 
cide each summer to control a variety 
of plant pests. 

In earlier years the standard spray 
for fruit trees in the area was lead arse- 
nate. Total sales in the area were between 
four and six million pounds per year 
from 1940 to 1946. However, after 
1945, DDT quickly replaced lead ar- 
senate as the insecticide most frequently 
used. In addition, DDT is being ap- 
plied as an insecticide to large acreages 
of other crops. In the fiscal year 1948- 
49, 1,224,408 pounds of 50% DDT dust 
and 368,250 gallons of 5% DDT spray 
were purchased for local application. 
In 1945, the first year DDT was used, 
total purchases were only 700 pounds 
(table 9). 

If the amount of DDT used in the 
fiscal vear 1948-49 had been distributed 
over the entire irrigated area, more 
than two pounds of 50% DDT dust and 
a gallon of 5% spray would have been 
used on each acre. Of course, the distri- 
bution was not equal. As an example, 
the 33,000 acres of apples and pears re- 
ceived approximately 20 pounds of 50% 
dust per acre. Needless to say, pastures 
and other areas between orchards re- 
ceived a marked share of insecticide by 
drift. 

In areas of the Valley where orchards 
were widespread and where mosquitoes 
had been particularly abundant in 
earlier years, either none or very few 
could be found in 1949 by any means of 
collecting. In areas of the Valley where 
pastures and unsprayed crops predomi- 
nated, relatively large numbers of mos- 
quitoes could still be found. 

In addition to DDT, other insecti- 
cides of known or potential toxicity to 
mosquitoes are used widely. In the fiscal 
year 1948-49, the following purchases 


were made: benzene hexachloride, 
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TABLE 9.— Sales of agricultural insecticides, 
Yakima Valley, Washington, 1940-1948. 


Pounds sold 


Year —~ 
50% DDT dust 





Lead arsenate 

1940 4,913 ,237 
1941 5 ,000 ,000 
1942 5,000 ,000 
1943 4,500 ,000 
3, 500 ,000 


3,942 ,000 700 
6,120,663 673,024 
92,335 2,612,620 
24,640 1,224,808 





71,032 pounds; parathion, 16,258 
pounds; hexaethyl tetraphosphate, 
615,700 pounds of dust and 4000 gallons 
of liquid spray. 

It was concluded that the marked 
reduction in the numbers of mosquitoes 
in the Yakima Valley was due largely 
to extensive agricultural application of 
heavy doses of insecticides toxic to 
mosquitoes. This is strictly an acci- 
dental by-product of an unrelated pro- 
gram and was achieved at no additional 
cost or effort. However, the results are 
most valuable because they throw light 
on the potential effect of mosquito 
control on the epidemiology of the viral 
encephalitides. 

If C. tarsalis is the principal vector 
of the viral encephalitides in the area, 
a marked wane in the population of 
this mosquito would decrease the inci- 
dence of virus infection in the animal 
hosts and the vector. Data from the 
present study indicate that this oc- 
curred. 


Mites 
In the search for arthropod vectors 
of the viral encephalitides, other than 


mosquitoes, mites have received con- 
siderable attention in recent years.?°-” 


20. Smith, M. G., Blattner, R. J., Heys, F. M. 


and Miller, A. 1948, Experiments on the 
role of the chicken mite, Dermanyssus gal- 
linae, and the mosquito in the epidemiology 
of St. Louis encephalitis. J. Exper. Med. 87: 
119-138. 

. Hammon, W. McD. 1948, The arthropod- 
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While the evidence that mites are of 
importance as vectors in the Pacific 
Coast states!®?!? is far from conclu- 
sive, it seemed advisable to study them. 

During 1944, a sample of over 80,000 
chicken mites had been collected from 
chicken houses in the Yakima Valley. 
These were negative when tested for 
viruses. During the same period, C. 
tarsalis collected from the same chicken 
houses were infected with Western 
equine and St. Louis viruses.® 

In the present study, mite ectopara- 
sites of chickens and English sparrows 
were examined. Details of biological 
data will be presented in another pa- 
per.“ It is interesting that there was 
no evidence that insecticide spraying 
of agricultural crops had materially 
affected the mite population on the 
species of birds under study. 

Thirteen mite collections were .made 
from chicken houses, and from these, 
11,816 mites were frozen for testing. 
All tests for encephalitis viruses were 
negative. Identification of 1282 mites 
from these collections indicated that the 
population was composed of approxi- 
mately 70°% Dermanyssus gallinae (De 
Geer) and 30% Dermanyssus americanus 
Ewing. 

Thirty mite-infested English sparrow 
nests were collected and a sample of 
16,077 mites was taken for virus tests. 
All tests were negative. A sample con- 
sisting of 1781 mites was identified; of 
this number 1777 were D. americanus 
and 4 were Fonsecaonyssus sylviarum 
(C. and F.). 

No additional evidence, then, was 
found to incriminate mites as vectors 


borne virus encephalitides. Am. J. Trop. 
Med. 28: 515-525. 

22. Reeves, W. C. 1951, The encephalitis prob- 
lem in the United States. Am. J. Pub. Health, 
41(6): 678-686. 

23. Doetschman, W. H. Unpublished data. 
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or reservoirs of the viral encephali- 
tides. If mites should be involved in the 
natural biological cycle in the absence 
of mosquitoes, this would have been an 
exceptionally favorable set of circum- 
stances in which to demonstrate their 
fundamental role as vectors and reser- 
voirs of the encephalitis viruses. If they 
were invélved, however, it was in a man- 
ner which present techniques did not 
expose. 


DISCUSSION 


The success of specific control meas- 
ures against the arthropod-borne viral 
encephalitides of North America would 
most logically depend on a successful 
attack on a critical link in the infection 
chain. Although vaccination of clini- 
cally susceptible hosts such as man and 
horse is possible, it offers little long- 
range promise because these hosts ap- 
parently are not essential sources of 
virus for vectors, but rather are acci- 
dental entries into a clinically inap- 
parent cycle of virus infection in avian 
hosts and bloodsucking arthropod vec- 
tors. In most instances, morbidity rates 
in man do not justify mass vaccination 
for individual protection alone. An at- 
tack on the infection in the avian hosts 
appears equally hopeless because of the 
large population involved and the in- 
ability or infeasibility of efforts directed 
against wild species. 

Epidemiologically, one would expect 
a reduction in mosquito vector popula- 
tion to be reflected in two ways in the 
infection cycle: First, as the number of 
vectors dwindles, the chances are les- 
sened for successful transmission from 
bird to bird or for infection of the vec- 
tors. Second, the lower the population 
of C. tarsalis, and the lower the virus 
infection rate in this vector, the fewer 
are the chances for an infected mosquito 
to feed on a susceptible person or horse. 
Since these hosts are not the preferred 
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